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ABSTRACT
Due to their multi-functional nature, iron oxide nanoparticles present themselves in a
myriad of scientific disciplines, but perhaps the most interesting property of these nanomaterials
can be seen in their immense thermal response under the influence of alternating magnetic fields.
Currently popularized as an alternative cancer treatment through localized hyperthermia, iron
oxide nanoparticle induction heating presents an interesting physical phenomenon that
distinguishes itself from macroscopic induction heating. Understanding how a single spherical
particle behaves is relatively simple and remains well documented; however, magnetic interactions
of a single particle often extend over many length scales, affecting numerous neighboring particles
in the local vicinity. Inter-particle interactions play a significant role in the collective heating
response of magnetic nanoparticle colloids, and their effect on heating efficacy remain
inadequately addressed and widely debated amongst the scientific community. Submitted in partial
completion of the requirements for a Master of Science in Mechanical Engineering, the thesis
herein describes an investigation into particle characteristics that govern the collective heating
response and nanoparticle clustering, such as capping chemistry and environmental factors.
Unique characterization techniques, such as small angle neutron scattering were utilized to observe
the extent of these interactions for different types of structurally different nanoparticles, as well as
how each of the parameters affected the induction heating response. In situ measurements with
small angle neutron scattering provided a glimpse of the geometry and size extent of the largescale nanoparticle structures formed during induction heating; analysis of their dimension
determined the spherical clusters extended well into the micron-range. Calorimetric measurements
gathered under the influence of an alternating magnetic field exhibited the nanoparticles’
dependence on mean inter-particle spacing and the role inter-particle interactions have on the

efficiency of the nanoparticles. Analysis in a saline environment showcased the effect of local
electrolytes on the stability and thermal performance of surfactant-capped iron oxide
nanoparticles. With the accumulation of multiple types of characterization data mainly examining
the colloidal behavior of the nanoparticles, this study attempts to understand the deep-rooted
dependence of nanoparticle induction heating efficiency on inter-particle behavior.
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1. INTRODUCTION: INDUCTION HEATING AND NANOPARTICLES
Since its inception, induction heating continues to be an effective and efficient methodology
to deliver large amounts of localized heat to conductive materials. Used alike in industry, research,
and even in recreation, induction heating extends to a myriad of applications from the heat
treatment of steels to the sealing of toothpaste tubes. Induction heating on the macro-scale remains
well-documented and widely implemented; however, like with most materials, the laws which
govern material properties and interactions on the macro-scale are often vastly different than those
on the nano-scale. With the surge in the scientific community over the past few decades to
investigate the novel properties of nanomaterials, researchers began to explore not only how they
respond to induction fields but also develop the associated theory and empirical relationships to
fully describe their behavior. The presented research in this thesis investigates the dynamics of
different nanoparticle colloids and how various system properties such as nanoparticle capping
chemistry and local environment can affect their thermal output. This introductory section gives
an overview of induction heating both on the macro and nano-scale and gives a critical review of
the current state of nanoparticle induction heating as well as the current application space.

1.1 Macro-Scale Induction Heating
Induction heating can be simply described as the heating of a conductive material via
electromagnetic induction. Michael Faraday in 1831 developed the foundation for induction
heating by observing two coils of wire wrapped around a shared iron core; a momentary current
was induced in the second coil when a switch connecting a battery to the first coil was closed [1].
Through this observation, Faraday developed his revolutionary law of induction, which states that
electromotive force is directly proportional to the change of magnetic flux with respect to time;
1

Heinrich Lenz would later modify this law by indicating the direction of the induced electromotive
force and current. Implementation of their work became commonplace in many aspects of daily
life, including devices such as the ubiquitously known AC transformer. The development of
transformers was necessary in a world where the voltage level would often need to be changed
from one circuit to another; an unwanted product of this transformation process manifested itself
as the generation of induced electric currents in the transformer core [1]. These currents became
known as eddy currents, and they generate heat via Joule heating or heat generated from resisting
the flow of electricity in a material [2]. It is because of eddy currents that modern transformer cores
are laminated. Mitigating the thermal energy being produced within transformer cores and other
induction applications such as electric motors became the first effort to study induction heating.
In applications where unwarranted thermal energy can prove to be catastrophic, induction
heating was approached as a problem that needed to be solved; however, soon after its discovery,
efforts began to emerge to understand the physics behind induction heating as well as how to
harness its power. Similar to the coils in Faraday’s experiments, induction heaters pass alternating
electric current through a coil of wire, called an induction coil, similar to that in Figure 1, which
generates a subsequent alternating magnetic field, with the highest magnetic flux at the geometric
center of the coil. By placing the conductive material, or the work piece, in the center of the coil,
heat is generated as a function of the work piece’s resistivity; materials with high resistivity, such
as steels, generate substantial amounts of heat, similar to common resistive heating elements [3].

2

Figure 1: Cross section of induction coil with magnetic field lines

In addition to Joule heating, magnetic materials maintain the ability to produce
substantially more heat due to another mechanism governed by magnetic hysteresis [2]. In order
to understand heating due to hysteresis, various characteristics of magnets must be explained. A
basic property of “magnetic” materials is the presence of a net magnetic moment in the absence of
an external magnetic field. Two types of materials can be classified as magnetic: ferromagnetic
and ferrimagnetic materials [4]. When most everyone thinks of a magnetic material, a
ferromagnetic material most frequently comes to mind; these materials include iron, nickel, cobalt,
and their many alloys. Below the Curie temperature, individual atomic magnetic moments in a
ferromagnet spontaneously align parallel with their neighbors, which can give the ferromagnet a
net magnetic moment; while in the presence of an externally applied field, the magnetic moments
within a ferromagnet will orient themselves parallel with that field. A ferrimagnetic material is
slightly different in the fact that there exist two opposing atomic magnetic moments (a form of
antiferromagnetism); however, one moment has a larger magnitude than the other, thus giving the
material a net magnetic moment in zero field [5]. An example of ferrimagnetism can be seen in
different forms of iron oxides, such as with magnetite Fe3O4, where the Fe+3 and Fe+2 ions in the
crystalline lattice have opposing atomic magnetic moments.
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If energetically favorable, collective groupings of atomic magnetic moments will form
magnetic domains, where each moment is oriented parallel to one another within the domain [6].
All moments within each domain orient their dipoles in the same direction, which gives the entire
domain a uniform magnetic moment. Figure 2 illustrates magnetic moment behavior both in the
presence and in the absence of an applied magnetic field.

Figure 2: Atomic magnetic moments under the influence of a magnetic field

Similar to how individual magnetic moments will align in the presence of a magnetic field,
magnetic domains will also align with an applied field in a similar fashion. The magnetization of
a material is regarded as the density of magnetic moments per unit volume; the maximum amount
of magnetization in a material, or when all the magnetic moments are aligned with the field is
known as the saturation magnetization (Ms). When the applied field (H) is removed, there is some
residual magnetization in the material, or remanent magnetization (Mr). In order to return the
material back to a net magnetization of zero, an opposite magnetic field must be applied, which is
known as the coercivity (Hc). Interactions between multi-domain materials always give
ferromagnetic materials some remanent magnetization, which creates a lag; under oscillating
4

magnetic fields, this magnetic lag will continually trace a hysteresis loop, similar to the diagram
in Figure 3.

Figure 3: Diagram of important parameters on a hysteresis loop for a ferromagnetic material

Understanding these concepts begs the question as to how induction heating causes materials
to release thermal energy due to hysteresis effects. The lag experienced within a hysteresis loop is
caused by the reorientation of the domains with the material; losses accompany the movement of
the domains, which appear in the form of heat. The first law of thermodynamics indicates that
since the internal energy is conserved throughout the loop, the produced heat is equal to the net
work performed by the system (W), which is represented by the total amount of area within the
hysteresis loop, as shown in Equation 1 [5].

⃑⃑ ∙ 𝐝𝐌
⃑⃑⃑
𝐖 = ∮𝐇

(1)
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The addition of heating due to hysteresis makes induction processes very efficient and
effective for ferromagnetic metals such as steel [7]. The application scope for induction heating
can be seen in everything from the heat treatment of metals [8] to domestic appliances [9].
Increased attention in the realm of nanoscience has led to even more advanced induction heating
applications; however, additional understanding of the mechanisms which drive induction heating
on the nano-scale is needed.

1.2. Transition to the Nano-Scale
Research into the use of nanomaterials in induction heating applications began as early as
the mid-20th century, and along with it, the development of new synthesis methodologies as well
as optimized materials began to be seen in this area of study. Like with macro-scale applications,
the materials of choice were, of course, those which exhibited ferromagnetic and ferrimagnetic
properties; such materials include iron, nickel, cobalt [10], and their derivatives [11]. While pure
forms of the metals often exhibit higher magnetic saturation, which is ideal for high thermal output,
they exhibit poor stability, poor biocompatibility, and high susceptibility to oxidation [12]. In order
to combat issues with particle stability in biological environments, metal oxide nanoparticles are
often utilized instead; among the most widely used are iron oxide nanoparticles, specifically
magnetite, which exhibits good colloidal stability, high biocompatibility, and a higher saturation
magnetization than other metal oxides [13]. Several synthesis methodologies to produce uniform
and stable iron oxide nanoparticles have been widely used including co-precipitation [14], nanotemplate methods [15], hydrothermal processes [16], and thermal decomposition [17].
Whenever a magnetic material transitions below a certain size regime, which is dependent
on its material properties, the energy cost for maintaining multiple domain walls becomes too high,

6

so the particle transitions to a single domain structure; in magnetite and other iron oxides, this
occurs on the order of ~50 nm [18]. Since the particle consists of only a single domain in which
all magnetic moments are oriented parallel to one another, the entire particle exhibits a uniform
magnetic moment. Single domain particles of sufficiently small size exhibit a unique magnetic
property called superparamagnetism [19]. Regular paramagnetism arises in materials that are
weakly attracted to an applied magnetic field; however, in zero field, the atoms will exhibit no net
magnetic moment. Superparamagnetic materials exhibit similar traits in the fact that they have no
coercivity, no remanence, and no net magnetic field; however, their saturation magnetizations are
much higher than that of regular paramagnets, thus the name superparamagnetic [11]. While
superparamagnetic particles are all classified as being single domain particles, not all single
domain particles exhibit superparamagnetic properties [5]. Due to their crystalline structure, single
domain particles exhibit a preferential orientation of their magnetic moment along an “easy axis”,
which induces magnetic anisotropy. The applied field required to change the direction of
magnetization (Hk), shown in Equation 2, is dependent on the anisotropy constant for the material
(K), which determines the magnitude of the anisotropic energy barrier [20]. This energy (E) can
be modeled as a simple function of the angle between the easy axis and the magnetization of the
particle (θ), assuming uniaxial anisotropy, shown in Equation 3 and plotted in Figure 4, where V
is the magnetic volume [21] and μ0 is the permeability of free space.

𝟐𝐊

𝐇𝐤 = 𝛍

𝟎 𝐌𝐬

𝐄 = 𝐊𝐕 𝐬𝐢𝐧𝟐 𝛉

(2)

(3)
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Figure 4: Simple anisotropic model of single-domain magnetic nanoparticle

Magnetic nanoparticle colloids exhibit complex motion within their fluid suspension that
impacts their thermal dissipation rate. Among the first focused efforts to model that dissipation
came in the form of linear response theory, which portrays a system of single domain particles that
do not interact with one another [22]. The model takes into account the novel property of thermal
relaxation in magnetic nanoparticles, which describes the random fluctuations of their magnetic
moments. Thermal relaxation is quantified via an effective time constant (τeff), which describes the
length of time it takes for the magnetic moment of the nanoparticle to rotate 360º. The effective
relaxation time is a combination of both Brownian relaxation (τB) and Néel relaxation (τN) [23]. In
Brownian relaxation, shown in Equation 4, the relaxation time is dependent on the viscosity of the
fluid (η) in which the particles are dispersed; the rotation of the magnetic moment causes the
particle to physically rotate, which in turn induces viscous losses to the surrounding medium,
where VH is the hydrodynamic volume [24, 25]. Néel relaxation, shown in Equation 5, describes
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internal magnetic moment reversal, which is dependent on the size of the nanoparticle, as well as
K, where τ0 is a constant generally on the order of 10-9 s [26]; energy is released by overcoming
this barrier from within the crystalline lattice of the nanoparticle. In the case of Equations 4 and 5,
kB is Boltzmann’s constant and T is temperature in Kelvin.
𝛕𝐁 =

𝛕𝐍 =

𝟑𝛈𝐕𝐇

(4)

𝐤𝐁𝐓

𝐊𝐕
√𝛑
)
𝛕 𝐞𝐱𝐩(
𝟐 𝟎
𝐤𝐁 𝐓
𝐊𝐕

(5)

√𝐤 𝐓
𝐁

Both relaxation mechanisms typically occur simultaneously; however, with their
magnitudes being heavily dependent on the particle’s volume, τeff, shown in Equation 6, is typically
dominated by either one or the other, illustrated in Figure 5 [22].
𝟏
𝛕𝐞𝐟𝐟

𝟏

𝟏

𝐁

𝐍

=𝛕 +𝛕

(6)

Figure 5: Example of effective relaxation time plotted with Brownian and Néel relaxation times
(Adapted from [22]).
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Figure 5 displays the significant dependence of Néel relaxation on nanoparticle size; as the
diameter exceeds ~11 nm, τN drastically increases, which can imply that the maximum thermal
dissipation due to Néel relaxation occurs at smaller diameters; previous research has thoroughly
analyzed the limitations of the Néel model [27]. Some studies have made efforts in isolating the
contributions of Brownian and Néel relaxation in different nanoparticles, especially within the
region where they may be similar in magnitude [28].
An important property of superparamagnetic nanoparticles remains to be the timescale
during which their fluctuations occur compared to the measurement time [21]. If the measurement
time exceeds the relaxation time, then the particle will be in a superparamagnetic state where the
particle’s fluctuations will cause its net magnetic moment during the measurement time to appear
to be zero; however, if the relaxation time is larger than the measurement time, the particle will
appear to have a stable magnetic moment called a blocked state. In zero field, a blocked state
occurs at a specific temperature called a blocking temperature, above which the thermal energy of
the system can cause the magnetic moment to fluctuate; however, similar to the blocking
temperature, experimental data has shown that a nanoparticle system can also have a blocking
frequency, below which the sample appears superparamagnetic, yet at higher frequencies
hysteresis effects can be induced [29]. Conversely, there exists a maximum applied frequency that
is dependent on the anisotropy of the nanoparticle, where if that frequency is exceeded, then the
particle does not have enough time to cross the anisotropic energy barrier [5, 30].
The overwhelming evidence in the literature indicates that the mechanisms which govern
nanoparticle induction heating originate from the structure of the nanoparticles. Structural
properties directly impact particle anisotropy, which is intrinsically related to thermal output. The
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models in this section discuss the thermal dissipation of a single particle, but an additional, more
advanced, understanding is necessary when addressing the nanoparticle system as a whole.

1.3. Collective Response: The Real Effects of Working Together
Previous modeling attempts described magnetic nanoparticles as non-interacting discrete
points within a fluid medium; however, in real systems, the magnetic interactions of nanoparticles
during induction heating often extend to many neighboring nanoparticles. The thermal energy
produced by each particle is dependent on the relationship between the applied magnetic field and
its anisotropy, as indicated in the last section. In a magnetic colloid with a sufficiently high
concentration, the magnetic moments of individual nanoparticles will often interact with their
neighbors through dipole-dipole interactions, often reaching up to 3 particle diameters in
magnitude [31]; this of course directly changes the relaxation time, which more recent models
account for [32]. With the nature of these models being quite complex, research into these interparticle interactions is often computational in nature, with Monte Carlo simulations permeating
the literature [31-35]. In studies that are experimental in nature, the effect of these interactions is
observed by changing the concentration of the nanoparticle suspensions, which in turn reduces the
inter-particle distance in stable colloids. Experimental results often prove to be contradictory, with
some indicating that an increase in concentration contributes to the thermal output [36-38] while
others indicate it can be detrimental to some degree [39-41].
Inter-particle behavior typically results in the formation of larger groupings of
nanoparticles; these structures inherit their own anisotropy, or colloidal anisotropy, that depends
on their geometry [42]. Different shapes and orientations of nanoparticles have been observed,
with the most common being chains [32, 38] and clusters [43]. Investigations into the anisotropy
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of larger clusters indicate that the dipole-dipole interactions only improved heating capabilities
when the clusters are small enough to enhance their shape anisotropy; as the clusters increase in
size, their shape anisotropy is reduced due to the clusters becoming more spherical, thus the
thermal dissipation of the system is reduced [44]. In a study which utilized linear response theory,
particle concentration correlated with the formation of nanoparticle chains, which in general,
decreased thermal output with increasing chain length; however, a chain length with maximum
efficiency was observed [32]. Unique formations, such as nanoflowers, exhibit more efficient
heating than similar suspensions with individual spherical nanoparticles, which likely rose from
the alignment of the anisotropic axes within the flower formations [45]. In a system where interparticle interactions are prevalent, it becomes immediately apparent that the properties of the
colloid (the collective response) affect the thermal output more so than individual particle
mechanisms. It appears that greater thermal performance is observed in nanoparticle formations
which align the anisotropic axes of the nanoparticles, such as in chains, versus those in which the
nanoparticles agglomerate randomly in clusters [46], as shown in Figure 6.

Figure 6: Magnetic nanoparticle chains and clusters
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Other colloidal properties besides concentration, such as capping chemistry, also prove to
have a noticeable effect on the thermal efficiency of nanoparticle systems. Common capping
agents used in nanoparticle synthesis methodologies include organic surfactants, which reduce the
agglomeration within the suspension and increase biocompatibility [12]; however, their effect on
the mechanisms of nanoparticle induction heating needs additional understanding. In a study where
nanoparticles with similar saturation magnetizations and core structures were synthesized, the
generated heat proved to vary by adjusting the type of surfactant used [47]. Varying the molecular
weights of capping polymers such as polyethylene glycol resulted in drastically different thermal
outputs in another study [48]. In an analysis of nanoparticles capped with dextran, a large change
in the generated heat was observed when they were brought in closer proximity through the use of
a double dextran layer [36].
With an increase in concentration, inter-particle interactions become more prevalent in
magnetic nanoparticle colloids, which can have positive or negative effects on their thermal output.
Factors aside from concentration such as cluster anisotropy as well as capping chemistry can
attribute to the collective response of these particles. Regardless of the governing mechanisms
which drive the thermal output, the next important aspect of nanoparticle induction heating is how
to quantify the total heat dissipation.

1.4. Quantifying the Thermal Response
Throughout this introduction, the dynamics of nanoparticle heating have been discussed in
detail as well as how they are quantified; however, the most important measurement for a
nanoparticle induction heating application is, of course, the rate of thermal energy generated by
the nanoparticles. The parameter used ubiquitously within this area of study continues to be
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specific absorption rate (SAR), which is defined as the power dissipated per unit mass of
nanoparticles in Watts per gram (W/g). With a variety of methods available to determine the SAR
experimentally, great care must be taken to correctly determine SAR in order to avoid any
inaccuracies [49].
Calorimetric methodologies tend to be the most prevalent way to determine SAR in
experimental research, due to their simplicity; however, these methods must be used with some
underlying assumptions [50]. As suggested by the name, this methodology physically measures
the temperature increase of the sample during the induction heating process, usually via a fiber
optic thermocouple, due to the intense magnetic fields [51]. The initial temperature is originally
assumed to be that of the atmosphere, residual heat losses to the atmosphere are assumed to be
negligible in the first few moments of testing, and the solution of nanoparticles is treated as a
lumped mass with an evenly distributed internal heat source. Due to the generally small amount
of mass in the suspension, the specific heat of the solution (cp) is usually assumed to be dominated
by the surrounding medium. By measuring the initial temperature rise over a certain time interval
the SAR can be determined via Equation 7, which is named colloquially the “Initial-Slope Method”
[49], where m is the mass fraction of nanoparticles in suspension and dT/dt is the initial change in
temperature with respect to time. The material outlined in this thesis utilized the Initial-Slope
Method for all SAR calculations.

𝐖

𝟏

𝐒𝐀𝐑 ( 𝐠 ) = 𝐦 𝐜𝐩

𝐝𝐓
𝐝𝐭

(7)

Other methods utilize hysteresis loops to determine power dissipation, similar to macroscale induction heating, where the area within the hysteresis loops correlates with the SAR [52],
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shown in Equation 8; however, these methods prove to be difficult when dealing with
superparamagnetic nanoparticles, which exhibit minimal hysteresis in some cases [49]. For this
equation, ρm is the density of the magnetic materials and f is the frequency.

𝐖

𝐟

𝐒𝐀𝐑 ( 𝐠 ) = 𝛒 𝛍𝟎 ∮ 𝐌(𝐇)𝐝𝐇
𝐦

(8)

An additional method to calculate SAR can be derived using linear response theory. The
associated equation, shown in Equation 9, utilizes complex magnetic susceptibility to calculate
SAR [22]; however, it is only accurate for low magnetic field amplitudes and for systems of noninteracting nanoparticles [53]. H represents the applied field and χ” is the out-of-phase component
of the magnetic susceptibility.

𝐖

𝐒𝐀𝐑 ( 𝐠 ) =

𝛑𝛍𝟎
𝛒𝐦

𝐟𝐇 𝟐 𝛘"

(9)

1.5. Magnetic Nanoparticle Hyperthermia
The most attractive application stemming from this area of research continues to be
magnetic hyperthermia, which is the treatment of cancer cells through localized nanoparticle
induction heating. With its first record of use being in the 1950s [54], nanoparticle hyperthermia
has led to many discoveries with not only the physics behind heat generation but also through its
clinical application, such as with the treatment of cancerous liver cells [55]. After injection into a
tumor site, the nanoparticles are heated via an applied magnetic field, which causes cancer cell
death at temperatures within the range of 42-47ºC [56]. The implementation of this technique into
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modern cancer treatments would mean a decrease in the use of more harmful methodologies such
as radiation and chemotherapy.
Regardless of the immense attention this subject has generated over the past half-century,
there still remain fundamental issues that prevent this method from being widely implemented. As
explained by multiple critical reviews about this promising tumor therapy, the main issue that
needs to be addressed is the administration and delivery of the particles to tumor sites [57, 58].
Not enough of the nanoparticles remain attached to the cancerous cells, once administered, to
generate a high enough thermal load, and aggregation issues promote particle settling and
instability. Problems with aggregation originate from the local environment difference between
biological media and experimental studies [59, 60]; however, as shown from previous research
into the collective nanoparticle response, structures of particles often result in high thermal load,
which can regress tumor cells [61]. With further understanding of nanoparticle induction heating
physics, especially concerning inter-particle behavior, more effective magnetic hyperthermia
treatments can be developed, which would significantly advance the state of this field.

1.6. Rationale
This thesis attempts to further comprehend inter-particle behavior of iron oxide
nanoparticles by observing the effects of particle structure and environment on the collective
heating response as well as to introduce novel methodologies to measure the extent of these
interactions in situ. In order to accomplish this, the following areas will be discussed:


Using small-angle neutron scattering to characterize nanoparticle clustering in situ



Concentration and its effect on nanoparticle SAR in a deionized environment
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The transformation of surfactant capped nanoparticles in an electrolyte-rich environment
and its effect on induction heating performance

Two chapters consist of stand-alone papers, which supplement the overall goal of this thesis
by addressing the concepts discussed in the introduction. Through the conglomeration of these
separate ideas, a more encompassing study regarding the role of inter-particle behavior was able
to be executed.
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2. BRIEF INTRODUCTION TO NEUTRON SCATTERING
One of the studies in this thesis utilizes a novel method of nanoparticle characterization
called small-angle neutron scattering (SANS). SANS is a useful technique which measures a
system’s structural properties on a variety of length scales, and, in the case of this study, allows
the in situ viewing of nanoparticle dynamics under the influence of an alternating magnetic field.
By focusing a beam of neutrons into a sample of nanoparticles, a wealth of information can be
extracted about their clustering behavior, such as size and complexity. Inter-particle interactions
govern the formations of said structures, and the previous chapter indicates that their geometry
directly affects their shape anisotropy, which is intrinsically related to the SAR. The following
section provides a brief overview of the important concepts, variables, and experimental models
addressed in this study.

2.1. Basics of Neutron Scattering
Neutron scattering is utilized widely as a characterization methodology, but why are
neutrons used in the first place? Hammouda from the National Institute of Standards and
Technology has written an encompassing overview of neutrons and their application in SANS [1].
Since they lack a charge, neutron interactions with matter are often inherently short-range, and the
wavelength of neutrons is comparable to the atomic scale. This allows neutrons to probe the
structure of materials on a wide variety of length scales without heating up or further damaging a
sample [1]. Neutrons also possess an intrinsic magnetic moment, which can be utilized to study
magnetic characteristics. A myriad of properties can be measured as a result of a neutron’s
interaction with matter, with one of the most ubiquitous interactions being neutron scattering.
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Neutrons essentially have four types of scattering that can be measured with current
instrumentation: 1. Sample transmission, 2. Elastic Scattering, 3. Inelastic scattering, 4. Spin-echo
[1]. For the sake of simplicity, the main type of scattering that will be addressed in this section is
elastic scattering. Elastic scattering can be treated as an elastic collision between the incident
neutron and the sample nucleus, as shown in Figure 7, where k is the incident neutron wave vector
and k’ is the scattered neutron wave vector. The variable Q is known as the scattering vector and
is equivalent to 𝑄 = 𝑘’– 𝑘, or the transfer of momentum in the scattered neutron; however, since
it is assumed to be perfectly elastic, the change in energy between k and k’ is zero. The equation
for Q as a function of the scattering angle (θ) and the wavelength of the incident neutron (λ) can
be seen in Equation 10.

𝐐=

𝟒𝛑
𝛌

𝐬𝐢𝐧 𝛉

(10)

Figure 7: Diagram of elastic scattering with a stationary nucleus

How large a nucleus appears to a neutron is known as its scattering cross-section, which
indicates how strongly it will scatter neutrons [2]. Each nucleus has a certain nuclear scattering
length (b), which quantifies the interaction between an incident neutron and a particular nucleus.
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A more important and useful quantity in the realm of SANS is the scattering length density (ρ),
which is intuitively named and can be seen in Equation 11, where V is the volume containing “n”
number of atoms. Scattering length densities can also be used as a direct measure of contrast
between arbitrary molecules A (ρA) and B (ρB) through a contrast factor (Δρ2), where 𝛥𝜌 =
𝜌𝐴 –𝜌𝐵 ; the scattering intensity is directly proportional to this contrast factor [1].

𝛒=

∑𝐧
𝐢 𝐛𝐢
𝐕

(11)

Using the contrast factor and other factors such as the form factor, P(Q) (how neutrons
scatter off of the same object) and the structure factor, S(Q) (how neutron scatter off of different
objects), an equation for the total scattering intensity from a sample, or macroscopic scattering
cross section (

𝑑𝛴𝑐 (𝑄)
𝑑𝛺

), can be modeled as in Equation 12, where Vp is the particle volume, and N/V

is the particle density [2].

𝐝𝚺𝐜 (𝐐)
𝐝𝛀

𝐍

= (𝐕) 𝐕𝐩 𝟐 ∆𝛒𝟐 𝐏(𝐐)𝐒(𝐐) (12)

Through the use of fundamental principles of neutron scattering, structural characteristics
of a variety of materials can be characterized using SANS. The dynamics of how the neutrons
scatter from a particular material can provide information regarding its molecular structure, such
as in polymer chains, and contrast matching can even select different regions of a material through
a masking effect using deuterium oxide [1]. Specifically, with magnetic nanoparticles, previous
efforts have been utilized to study their internal domain structure using SANS [3].

25

2.2. Data Interpretation and the Guinier-Porod Model
Understanding neutron scattering theory can be mathematically intense; however,
experimental techniques for analyzing SANS data attempt to make the data more digestible.
Instead of a 2-dimensional scattering angle, as represented in Figure 7, neutron scattering occurs
in 3-dimensions within a defined solid angle. During SANS measurements, the data gathered
appears on the detector similar to that in Figure 8, where the scattering vector is measured outwards
from the center.

Figure 8: Typical SANS measurement

In this form, the data can be integrated radially about the center to form a 1-dimensional
radially-averaged plot comparing the sample intensity with respect to Q; the value of Q in this plot
is inversely related to the probed length scale (smaller Q means larger length scales and vice versa).
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This type of diagram is widely implemented for many systems and models; however, the most
famous empirical model continues to be the Guinier-Porod model. As a shape-independent model,
Guinier-Porod can estimate the size of objects with a variety of geometries, and can also provide
information regarding their structure, such as their fractal dimension [4]. The plot, modeled in
Figure 9, can be broken down into three distinct regions: the Guinier region, the Intermediate
Guinier Region, and the Porod Region.

Figure 9: Diagram of a Guinier-Porod plot (Adapted from [4])

The Porod region follows a power law structure, where the power law can elucidate unique
formations within the sample, such as Gaussian chains (slope=2) and fractal regions (slope = 2-4)
[4]. The combination of the Guinier and Porod region can estimate the radius of gyration (particle
size) for objects in the system as well. For the studies in this thesis, the main regions of interest
are the Porod and the Guinier region, which not only portray the size range of the nanoparticle
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clusters formed during induction heating, but also the complexity of the clusters through analyzing
the Porod exponent.
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3. IN SITU SMALL-ANGLE NEUTRON SCATTERING CHARACTERIZATION OF
LONG-RANGE IRON OXIDE NANPARTICLE CLUSTERING DURING INDUCTION
HEATING
3.1. Introduction
With the recent push in the scientific community to solve macro-scale problems using
nano-scale solutions, the incorporation of nanomaterials continues to maintain a presence within
almost every branch of applied science. Superparamagnetic iron oxide nanoparticles (SPIONs)
provide a medium through which potential solutions can be developed within a wide range of
application areas, such as multimodal imaging [1], cancer treatment [2], and targeted drug delivery
[3]. Arguably the most researched topic involving these fascinating particles continues to be their
application in magnetic nanoparticle hyperthermia (MNH), which is an alternative method for
tumor treatment through localized nanoparticle induction heating. MNH can often be coupled with
standard tumor therapies to not only damage the cancerous cells with applied heat but also reduce
the tumor cells’ resistance to standard treatment therapies, such as ionizing radiation [4-6].
Since researchers first exhibited interest in these versatile nanomaterials, there still exists
a push in the scientific community to understand the dynamics of SPIONs under an alternating
magnetic field in order to optimize their thermal output. Thermal performance of SPIONs is
determined by a quantity called the specific absorption rate (SAR), which represents the thermal
output per unit mass of nanoparticles in a surrounding medium. SAR can be calculated
experimentally by observing the temperature rise of the bulk medium during induction heating,
with the surrounding environment assumed to be adiabatic. A myriad of nanoparticle structural
characteristics have been discovered to have profound effects on SAR, with the majority of the
studies being focused on nanoparticle size [7-10], shape [11, 12], and capping chemistry [13, 14].
While individual SPION structure governs a large part of their heating response, colloidal
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properties of SPION suspensions, specifically concentration, have been observed to impact SAR
as well [15]. Most early efforts focused on describing systems of non-interacting particles [16];
however, recent computational and experimental research has emphasized the role inter-particle
interactions and how they, mostly negatively, impact SAR [6, 17-21]. It can be undoubtedly seen
that there exists a dependence of SAR on colloidal properties, and understanding the full breadth
of how those properties affect SPION heating performance is paramount for the advancement of
MNH.
Depending on the fluid, nanoparticle structure, and magnetic field properties, interacting
particles within an alternating magnetic field can induce the formation of larger structures during
heating, such as chains or clusters, which can span over much larger length scales [15, 22] and can
be amplified through the use of specialized capping agents [23]. SPIONs are almost always coated
with a capping agent or other surface functionalization to reduce localized aggregation; previous
research illustrates the detrimental effects that aggregation has on SAR in biological media [24].
Quantifying the extent and geometry of SPION clustering during induction heating is key to the
development of better capping agents for MNH applications as well as to create more stable SPION
colloids. Methods such as magnetic force and electron microscopy are decent ex situ methods for
characterizing nanoparticle groupings, but they both require the drying of the SPIONs on a
substrate, which can induce unwanted aggregation. Small-angle neutron scattering (SANS) has
been proven experimentally to be a valid approach to measuring the bulk size characteristics of
SPIONs suspended in water or deuterium oxide, as well as maintaining the sub-micron resolution
necessary to characterize internal magnetic domain structure within an individual nanoparticle [25,
26]. However, the majority of previous experiments using SANS in this manner have done so with
static magnetic fields; an exception to this statement can be seen in the study by Bender et al. in
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their time-dependent SANS experiment (TISANE) analysis of Ni nanorod colloids in an oscillating
magnetic field [27]. In this article, we intend to describe the incorporation of an induction heating
coil into the NG7 SANS and BT5 USANS beamlines as the first in situ method for characterizing
long-range SPION cluster formations during induction heating. To validate the method, two sets
of nanoparticles with different structures and capping chemistries will be analyzed and fit to
mathematical models to illustrate their respective effects on the long-range clusters’ structure.

3.2. Materials and Methods

3.2.1. SPION Synthesis
For this study, two separate nanoparticle samples were analyzed: uncapped SPIONs
stabilized electrostatically (ES-SPIONs) and SPIONs capped with TX-100, a non-ionic surfactant
(TX-SPIONs). Both sample sets were synthesized in the Huitink Lab and afterward were properly
characterized to determine size, shape, and crystallinity. Upon the completion of each synthesis
method, each SPION sample was diluted to a concentration of 3 mg/mL in deionized water. To
ensure an even distribution of SPIONs in the solution, each sample was sonicated for 15 minutes
prior to taking a measurement.

3.2.2. Electrostatically Stabilized SPIONs (ES-SPIONS)
The synthesis method utilized for this sample is the co-precipitation method outlined by
Hariani et al. in their article which highlighted the use of magnetite (Fe3O4) SPIONs to remove
procion dye [28]. First, 16.25 and 6.35 g of FeCl3 and FeCl2, respectively, were dissolved in 200
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mL of deoxygenated water. Upon stirring the mixture for 60 minutes, 2 M NaOH was added to the
mixture at 30°C, under the presence of nitrogen gas, to cause the SPIONs to precipitate out, and
the stirring continued for an additional 5 hours at 70°C. The SPIONs were then centrifuged out
and washed with deoxygenated water.

3.2.3. TX-100 Capped Nanoparticles (TX-SPIONS)
Additional nanoparticles were synthesized using the method outlined by Mandal et al.,
which also uses co-precipitation to create TX-100-capped magnetite nanoparticles [29]. To start,
ammonium iron (III) sulfate and ammonium iron (II) sulfate were dissolved in 100 mL of 0.4 M
sulfuric acid solution till the molarity of the solution with respect to the Fe(III) ion and Fe(II) ion
was 0.128 M and 0.064 M, respectively. The surfactant, TX-100 was added to a separate solution
of 1.0 M NaOH till the concentration of the TX-100 solution was 0.01 M. The TX-100 solution
was then maintained between 70-80°C and stirred with a non-magnetic stirrer while ~25 mL of the
sulfuric acid solution was dropped into it. After additional stirring for 30 minutes, the black
SPIONs settled at the bottom, were cooled to room temperature, and washed with deionized water.

3.2.4. Nanoparticle Characterization Techniques
XRD and TEM characterization techniques were performed in order to quantify the
physical size, shape, and crystallinity of each of the nanoparticles. The TEM used was a JEOL
JEM 1011; sample preparation consisted of drying a small amount each SPION liquid suspension
on a carbon-coated 200 mesh copper grid. A Rigaku Miniflex II bench-top diffractometer with CuKα X-rays (wavelength = 0.15418 nm) was utilized for XRD measurements. Each sample was

32

analyzed between the 2θ values of 25° and 70°, and XRD patterns for the SPIONs were compared
to the RRUFF database for Magnetite R061111 [30]. The sample prep for XRD involved
dispersing the nanoparticle solutions on a glass slide and allowing the deionized water to dry,
leaving only the nanoparticles.

3.2.5. Small-Angle Neutron Scattering (SANS) and Ultra-Small-Angle Neutron Scattering
(USANS)
All SANS and USANS measurements were performed at the National Institute of
Standards and Technology (NIST) Center for Neutron Research (NCNR) on the NG7 SANS and
BT5 beamlines at atmospheric pressure and room temperature [31]. All SANS measurements
utilized a neutron beam with a FWHM wavelength resolution of 11.5%. For measurements within
the Q-range of 0.02-0.302 Å-1, we used neutrons of wavelength 6 Å, while for the range of 0.000870.02 Å-1 we appropriated neutrons of wavelength 8.09 Å. The aperture before the sample reduced
the beam diameter to 1.27 cm with a beam intensity of 7.6E5 counts/s. The USANS measurements
utilized 2.4 Å neutrons with a resolution of 6% for the Q-range of 0.00004-0.0001732 Å-1. All
SANS and USANS data reduction was performed using the Igor Pro NCNR SANS and USANS
Reduction Macros [32]. After completing the reduction process, all reduced files were modeled
and fit using SasView 4.1.2 [33].

3.2.6. Induction Heater Incorporation
An Ambrell EasyHeatTM LI 8310, 10 kW, 150-400 kHz induction heater was used
throughout the experiment; the radiofrequency coil (RF) geometry consisted of a 7-turn coil with
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a length of 44 mm and an inside diameter of 25 mm. Two 0.5 μF capacitors in series were used in
the heater as well, which resulted in a resonant frequency of approximately 303 kHz and resulting
power usage of 4.8 kW. The frequency used was within the acceptable range for nanoparticle
induction heating. Cooling water supplied by a Haskris R175 air-cooled 5 kW chiller controlled
the internal temperature of the induction heater power supply, as well as circulated water through
the RF coil.
In order to characterize the nanoparticle clustering behavior with SANS, the induction
heating RF coil needed to be incorporated into the beamline. Figure 10 illustrates the experimental
apparatus and labels important features within the alternate sample position area on the NG7 and
BT5 beamlines. The induction heater head was turned sideways and rested on a Huber table, to
maintain constant position within the beam, and concrete blocks, to elevate the RF coil to the same
level as the neutron beam. The amperage supplied to the induction heater head was input remotely
with a voltage-driven control signal in the back of the power supply, which allowed subsequent
heating trials to be easily programmable.

Figure 10: Diagram of the integration into the neutron beamline and pictures of the experimental
setups on NG7 SANS and BT5 USANS
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3.3. Results and Discussion:

3.3.1. SPION Characterization
The SPIONs used throughout this study were characterized via X-Ray Diffraction (XRD)
and Transmission Electron Microscopy (TEM). The data collected allowed the crystalline structure
and size distribution of the SPIONs to be determined.

3.3.2. XRD
The XRD plots for both sets of SPIONs immediately after synthesis are shown in Figure
11.

Figure 11: XRD plots for a. ES-SPIONs; b. TX-SPIONs
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Both sets of SPIONs exhibited XRD peaks that were characteristic of magnetite and
maghemite (γ-Fe2O3) inverse spinel structure, according to the RRUFF database [30]. Due to the
instability of magnetite, both sets of nanoparticles are likely to contain areas of both maghemite
and magnetite. Within the measured 2θ range, 6 characteristic peaks presented themselves with
inter-planar spacings (d-values) of 2.94 Å, 2.52 Å, 2.09 Å, 1.704 Å, 1.608 Å, and 1.474 Å, which
correspond to the crystalline planes (220), (311), (400), (422), (511), and (440), respectively. The
positions of the peaks remained consistent between the samples, which indicated that both of the
SPION samples were similar in crystalline structure.
Analysis of the relative peak intensity and FWHM of the principle (311) peak allowed the
average crystal size within the sample to be estimated using Scherrer analysis [34]. The broad,
low-intensity peaks indicated the presence of nano-sized crystalline domains, and the graphical
measurements approximated that both samples contained crystal sizes on the order of 10 nm.

3.3.3. TEM
TEM imagery allowed the group to view the size distribution of the nanoparticles to
validate the results gathered from the XRD. Figure 12 displays TEM imagery gathered for both of
the SPION samples. After taking measurements of the SPIONs found in the TEM images, the ESSPIONs were found to have an average size of 11.94 nm +/- 3.07 nm, while the TX-SPIONs had
an average size of 17.5 nm +/- 1.02 nm. Both of these average sizes validate the data gathered with
XRD. The images also display the effects of the capping chemistry of each particle as well; in
Figure 12a, the ES-SPIONs are shown in an agglomerated arrangement, while the TX-SPIONs are
shown fairly disperse in Figure 12b. The TX-100 works to reduce the relative surface energy and
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prevent agglomeration within the TX-SPION suspension, which results in increased edge
separation and colloidal stability.

Figure 12: TEM pictures for a. ES-SPIONs; b. TX-SPIONs

3.3.4. SANS Intensity Plots and Modeling
With successful incorporation into the NG7 SANS beamline, in situ neutron scattering data
was gathered in three stages for each sample: 1. Before Induction Heating, 2. During induction
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heating, where 250 A was supplied to the coil (magnetic field strength of 30.3 kA/m), 3. After
Induction Heating. Progressing in this manner allowed the relative change in scattering intensity
to be compared within a single SPION heating cycle for both samples. Upon completion of each
stage, a 1-dimensional, circular-averaged, scattering profile was created by radially integrating the
reduced SANS 2-D data set. The resulting plots, found in Figure 13, compare the
desmeared/pinhole smeared scattering intensity (I) versus the scattering vector (Q) for both the (a)
ES-SPIONs and (b) TX-SPIONs during all three of their heating stages. Figure 13 also displays
each of the respective fits for each stage created in SasView.

Figure 13: SANS Intensity .vs. Q plots of the different heating stages for a. ES-SPIONs and b.
TX-SPIONs
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3.3.5. Qualitative Observations in High-Q SANS (Q > 4E-3 Å-1)
In the case of both sets of SPIONs, the range of scattering vectors larger than 0.004 Å -1
showed little deviation in intensity between the different heating stages in either sample. The
length scale associated with this range in Q is approximately 1-150 nm. The minimal change of
intensity in the high-Q range indicates that the induction heating process is not degrading the
nanoparticles’ structure. A primary difference between the two particle types can be observed by
the increased intensity of the ES-SPIONs plot at 1E-2 Å-1. The TEM images illustrated that the
ES-SPIONs agglomerate much more heavily than the TX-SPIONs do. An increase in intensity at
these points is indicative of structures in the size range of ~60 nm, which would correlate with
localized clusters of ES-SPIONs. Measurements in the high-Q range provide little data in the case
of these samples, which does not necessarily mean that the interactions within this length scale are
negligible; however, the most pronounced observation can be seen in the low-Q range which
corresponds with clustering on a much larger scale.

3.3.6. Qualitative Observations in Low-Q SANS (8.7E-4 Å-1 < Q < 4E-3 Å-1)
Initial observations of the reduced data sets indicated that there was a noticeable change in
scattering intensity within the low-Q range of 4E-3 to 8.7E-4 Å-1. Transitions among the scattering
profiles within this Q-range corresponded to changes in the sample structure within the physical
size range of approximately 150 to 700 nm, which coincide with the length scale occupied by
large-scale SPION clusters. Examination of the increase in low-Q scattering provides distinct
evidence that our in situ method is capable of identifying long-range clustering of SPIONs during
induction heating.
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While the high-Q scattering profiles in Figure 13 display little variance in the nano-size
regime, the data at low-Q depicts differences in not only the extent of the SPIONs clusters but their
behavior during a complete heating cycle. The ES-SPIONs in Figure 13a show an increase in
intensity within the low-Q range during induction heating; however, upon completion of the 250
A heating trial, the intensity of the After Heat measurement drops below that of the Before Heat
measurement. While the cause of the transition in scattering intensities can be due to a variety of
factors from changes in capping agent to saturation magnetization and cannot be completely
delineated from this study, it is clear from the data that the use of SANS in this experimental
arrangement can be utilized to partially resolve the extent of SPION clusters during induction
heating.

3.3.7. SANS Data Fits
SasView allowed the experimental data to be fit to recognized mathematical models, which
accurately described both SPION suspensions; the fits can be seen in Figure 13. The selected fit
was additive, and it was comprised of a power law [35] and pearl necklace [36, 37] model. Figure
14 illustrates how each aspect of the model contributes to the overall fit. As outlined in the articles
by Schweins et al. and Chen et al., the pearl necklace model provides a form factor for a colloidal
system of N spheres (mass of ms) joined together by M uniform rods (mass of mr). The use of the
pearl necklace model in analyzing colloidal suspensions has previously extended into research
involving the analysis of ferrofluids using polarized SANS [38]. Bonini et al. made the assumption
that the majority of their scattering intensity would come from the nanoparticles themselves
(pearls) versus the backbone (necklace). In the case of SPION systems, the necklace is represented
by the magnetic moment interactions between neighboring particles causing “necklace”
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formations. It was assumed that the same approximation would valid for the SPION systems used
in this study; the pearl necklace model is displayed in Equation 13, where Sss(Q), Srr(Q), and Srs(Q)
correspond to the interferences of the pearls, rods, and the correlation between the two,
respectively [33]. The power law aspect of the additive model illustrates structural properties of a
localized region on the I vs Q plot called the Porod region, which is mathematically described by
a simple power law equation, represented in Figure 14 and Equation 14. The “Porod region” is one
of three regions of the widely known empirical small-angle scattering model known as the GuinierPorod model [35]. Due to modeling the SPION suspension as a pearl necklace structure, similar to
that of a polymer network, the slope of the Porod region (n) provides useful information on the
fractal properties of the system. Both sets of SPIONs have a slope between 2 and 3 before induction
heating, where n=2 is indicative of Gaussian chains and 2 < n < 3 is indicative of a mass fractal or
cluster of chains. Since the SANS data extended into a much lower Q-range than the pearl necklace
model could accurately depict, a power law provided the basis to describe the size extent and
complexity of the clusters during induction heating.

𝐈(𝐐) =

𝐬𝐜𝐚𝐥𝐞 (𝐒𝐬𝐬 (𝐐)+𝐒𝐟𝐟 (𝐐)+𝐒𝐟𝐬 (𝐐))
∙
(𝐌∙𝐦𝐫 +𝐍∙𝐦𝐬 )𝟐
𝐕

+ 𝐛𝐤𝐠

𝐈(𝐐) = 𝐬𝐜𝐚𝐥𝐞 ∙ 𝐐−𝐧 + 𝐛𝐤𝐠

(13)

(14)
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Figure 14: Power law and pearl necklace model constituents

In order to supplement the induction heating model, SANS polarization analysis provided
further validation of the use of the pearl necklace model for the SPION systems. By analyzing the
spin of the neutrons both before and after interacting with the sample, the magnetic contribution
to the overall scattering can be unambiguously separated from the structural scattering [39].
Through observing the “spin-flip” scattering, or the cases where the polarization of the neutrons is
reversed, or “flipped”, after interacting with the sample, the magnetic-only SANS data can be
extracted; the spin-flip data for the ES-SPIONs and TX-SPIONs can be found in the Appendix.
The spin-flip data displayed similar plots for both sets of SPIONs, which resemble the pearl
necklace component of the regular SANS plots shown in Figure 14. After fitting to a pearl necklace
model, also shown in the Supplemental Information, it was seen that the spin-flip data fits well to
a model that accounts for magnetic correlation in the form of magnetic trimers, which consist of
three interconnected spheres. The trimer model provided a basis for fitting the SANS pearl
necklace component of the SANS data.
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The parameters of the additive fit are represented in Table 1, which displays them for all
three heating trials for each sample. Four structural parameters in the pearl necklace model were
kept constant for each SPION type: particle radius, particle separation, number of pearls, and
radius polydispersity (size distribution). The radii used in the fitting process corresponded to the
data gathered from TEM imagery, where the TX-SPIONs were slightly larger than the ES-SPIONs.
A Gaussian distribution of radii was introduced, to account for the polydispersity in the SPIONs;
the polydispersity of 0.2 for the TX-SPIONs correlated well with dynamic light scattering data
gathered in the study by Carlton et al.[23]. Introducing an edge separation of ~4 nm in the TXSPION’s fit, accounted for the presence of the surfactant TX-100. Conversely, a low edge
separation of ~0.1 nm was kept constant for the ES-SPIONs due to their lack of capping ligand.
Using the data gathered in polarized SANS, the pearl necklace length remained constant at 3 to
correlate with the existing trimer model gathered from the spin-flip data.

Table 1: Fitting parameters for power plus pearl necklace model

Power
Law

Scale
Power (n)
Scale
Particle
Pearl
Radius (Å)
Particle Sep.
Necklace
(Å)
Num. of
Pearls (N)
Polydispersity

ES-SPIONs
Before
250 A
After
Heat
Heat
3.24E-6
7.92E-9 8.87E-5
2.85
3.85
2.13
2.0E-4
2.56E-4 1.4E-4
60
60
60

TX-SPIONs
Before
250 A
After
Heat
Heat
3.87E-5 1.49E-8 3.79E-5
2.46
3.75
2.46
5E-6
9E-5
5E-6
90
90
90

1.0

1.0

1.0
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34

34

3

3

3

3

3

3

0.6

0.6

0.6

0.2

0.2

0.2
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Analyzing the power law component of the model described the complexity and extent of
the SPION clusters. The TX-SPIONs initially display a value halfway between n=2 and n=3 at
2.45, which is a relative indication of its fractal dimension. During the induction heating process,
the Porod slope increases to 3.75, which is indicative of a larger fractal network and long-range
chaining of SPIONs in the solution. After the heating process, the value returned to a similar state
as before heating. It is to be noted that the Before Heat trial of the TX-SPIONs was unable to be
fit completely in the low-Q range, even though the Before Heat and After Heat have nearly
identical fits. We suspect that this indicates that the cluster size in this trial did not extend into the
>1000 nm size regime and begins to plateau near 1E-3 Å-1. The ES-SPIONs did not follow a
similar trend as the TX-SPIONs, as indicated by the Porod slope decreasing to 2.13 after heating;
a decrease in the mass fractal dimension of this high most likely indicated a dilution of the colloidal
suspension caused by SPION precipitation and settling.
Characterizing the degree of SPION precipitation can be achieved through observing the
relative change in the pearl necklace scale. In the case of this model, where the polydispersity,
particle size, particle separation, and the number of pearls is held constant for each SPION type,
the scale can be used as a comparable measure that is proportional to the volume fraction of the
observed clusters within the SPION suspension. For the ES-SPIONs, the scale first increased
during the 250 A heating trial, and upon removal of the AMF (After Heat), it dropped to a value
below that of the Before Heat fit. This is indicative of the formation of larger clusters during
heating followed by the agglomeration and eventual settling of those clusters. The largest relative
change in the pearl necklace scale came when comparing the TX-SPIONs. The surfactant-coated
particles maintain a larger edge separation initially resulting in a smaller volume fraction of
clusters; however, during induction heating (250 A test), the scale increased by an order of
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magnitude from 5E-6 to 9E-5. Inter-particle magnetic coupling induced by induction heating
promoted clustering of the TX-SPIONs, which accounts for the increase in scale. The scale for the
After Heat ES-SPION trial cannot necessarily be compared quantitatively to the Before Heat trial,
since their Porod slopes are different; however, the decrease in the Porod slope further corroborates
evidence of either decreased complexity in the mass fractal or dilution of the solution, which would
most likely be caused by settling. In order to further validate the methodology, USANS was
performed to fully resolve the structures characterized with SANS.

3.3.8. USANS Intensity Plots
Similar to the methodology used with SANS, the USANS measurements for each particle
type progressed in a similar fashion, where I vs Q plots were generated before, during (30.3 kA/m),
and after induction heating. Upon completion, the USANS data was analyzed concurrently with
the scattering profiles gathered with SANS to observe the full extent of the structures detected in
Figure 13. Interestingly enough, the USANS instrument only detected scattering in the ultra-low
Q-range during induction heating; no signal was detected either before or after heating. Due to
this, only the “250 A” trial was plotted with the USANS data for both particle types, as shown in
Figure 15. Due to the instrumental smearing created by the USANS instrument, called “slit
smearing”, the intensity is much lower than that of the SANS measurements, so the measurements
must be “desmeared”, using the reduction macros, to simulate the appearance of the data with no
slit-smearing. Both smeared and desmeared USANS plots as well as the 250 A SANS, shown in
Figure 13 are plotted in Figure 15. The dashed line fits the slit-smeared USANS data, while the
solid fitting line represents the combined and desmeared SANS/USANS model, which
encompasses the entire Q-range (0.00004 – 0.2 Å-1).
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Figure 15: USANS and SANS data for 250 A Heating Trial. Displaying both slit smeared and
desmeared data for a. ES-SPIONS and b. TX-SPIONs

The effect of slit smearing presents itself instantly in Figure 15, with the USANS data being
lower in intensity than projected by the low-Q SANS data. When the data in the USANS regime
(Q-range of 0.00004-0.0001732 Å-1) is desmeared and fit concurrently with the SANS data, a
noticeable “bend” in the plot appears around 1E-4 Å-1, which is characteristic of the Guinier region
of the Guinier-Porod model. This occurring in the low-Q regime indicates that the nanoparticle
structures detected by the SANS experiments extend into the micron-range during induction
heating.
46

3.3.9. USANS Data Fits
The model fit to the USANS data is considerably less complex than the additive model for
the SANS measurements; however, the extracted information is no less significant. By using the
well-established improved Guinier-Porod model, displayed in Equation 15, the USANS plots were
properly fit and correlated with the Porod region (low-Q) in the SANS data, where G and D are
the Guinier and Porod scaling factors, respectively, n is the Porod exponent, s is the dimension
variable (for modeling non-spherical objects), and r is the radius of gyration. The value Q1
indicates where the values and slopes of the Guinier and Porod terms are continuous. Table 2
displays the respective Guinier-Porod fits (dashed lines in Figure 15) for the 250 A trials for both
the ES-SPIONs and the TX-SPIONs.

−𝐐𝟐 𝐫 𝟐

𝐆

𝐈(𝐐) = 𝐐𝐬 ∙ 𝐞𝐱𝐩 ( 𝟑−𝐬 ) 𝐟𝐨𝐫𝐐 ≤ 𝐐𝟏 (𝐆𝐮𝐢𝐧𝐢𝐞𝐫)
{
𝐃
𝐈(𝐐) = 𝐧 𝐟𝐨𝐫𝐐 ≥ 𝐐𝟏 (𝐏𝐨𝐫𝐨𝐝)

(15)

𝐐

Table 2: Fitting parameters for the Guinier-Porod model
Model Parameters
Scale
Radius of Gyration (Å)
Dimension Variable (s)
Porod Exponent (n)

250 A ES-SPIONs USANS
1.566E9
25,537
2.21E-10
3.85

250 A TX-SPIONs USANS
2.72E7
19,880
0.365
3.75

As shown by Equation 15, the Porod model for the USANS plots is inherently the same as
the power law model introduced in the SANS fitting (Equation 14). From comparing the SANS
and USANS data visually, it observed that their respective slopes in the Q-range of 1E-4 to 2E-3
Å-1 are quite similar. When we equated the power law and the Porod model exponents (power law
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slopes), 3.85 and 3.75 for the ES-SPIONs and TX-SPIONs, respectively, and constrained them
during the USANS fitting process, the Guinier-Porod model fit quite nicely to the USANS data
and provided interesting information regarding the geometry and size extent of the formed clusters.
Both particle sets observed fairly low dimension variables; Hammouda indicates that for
three-dimensional globular objects, such as spheres, s=0, while s=1 for cylindrical rods [35]. The
ES-SPION’s heating trial fit to a very low dimension variable, which most likely indicates the
formation of large spherical clusters during induction heating; however, the TX-SPIONs fit to an
intermediate value between 0 and 1 (0.365). This still most likely indicates globular clusters
forming, but there exist some 1-D rod-like formations, such as with nanoparticle chains. The radius
of gyration during induction heating also indicates that the ES-SPIONs formed larger structures
than the TX-SPIONs. If we assume that the clusters are globular spheres, where 𝑟 = 𝑟𝑠 √(3 ⁄ 5)
(rs is the radius of the sphere), then the diameter of the structures formed by ES-SPIONs and TXSPIONs respectively are 6.6 μm and 5.2 μm, respectively, which is quite substantial. Formations
of this large would certainly result in the formation of aggregates, colloidal instability, and
eventual particle settling, which would not be ideal in most applications.

3.4. Conclusions
Through introducing an induction coil in the NG7 SANS and BT5 USANS beamlines, a
facile in situ methodology of characterizing long-range nanoparticle clustering behavior before,
during, and after induction heating was developed. Successful analysis of two different types of
SPIONs provided verification of the method’s effectiveness. To accompany the experimental
design, a simple additive model fit the scattering profiles of each SPION by using a combination
of the Power Law, “Pearl Necklace”, and Guinier-Porod models. By observing the behavior in the
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low-Q region, the method was able to not only show the relative change in clustering throughout
the heating cycle but also delineate the geometry of those clusters as well as the full extent of their
size range.
This is one of the first methods described in the literature that uses an in situ methodology
to characterize SPION behavior during induction heating in real time. The implementation of this
technique will eventually aid in not only studying SPION collective heating, but it could be
extended into creating optimized nanoparticle coatings and cores for particular induction heating
applications.
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Appendix A
Spin flip (SF) plots and associated fits to a trimer model for the a. ES-SPIONs and b. TXSPIONs. SF plots essentially isolate the scattering that is due to the magnetism of the nanoparticles.
The curve is fitted to the pearl-necklace model, and the total intensity of the plots is a relative
indication of the particles’ saturation magnetization.

Figure A-1: SF plots of ES-SPIONs and TX-SPIONs
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4. INTER-PARTICLE EFFECTS ON HEATING IN DEIONIZED ENVIRONMENT
Chapter 1 introduces the concept of inter-particle interactions and their effects on
induction heating; literature has shown these interactions to have somewhat contradicting effects
on the SAR. Regardless of whether their impact is beneficial or detrimental, dipole-dipole
interactions with a nanoparticle’s nearest neighbors must be taken into account. Experimentally,
this is typically accomplished by comparing how the SAR changes with the concentration of
magnetic nanoparticles in a constant volume. By assuming that the nanoparticles are colloidally
stable as a result of their capping chemistry and evenly distributed throughout the medium, the
dependence of SAR on concentration is observed. When nanoparticles are evenly dispersed, it can
be assumed that the mean inter-particle distance between neighboring particles is constant; a
simplistic method of approximating this separation distance can be found using the Wigner-Seitz
radius, shown in Equation 16. The equation is doubled since the original equation technically
calculates half of the inter-particle separation.
𝟑

𝟏/𝟑

𝐝 = 𝟐 (𝟒𝛑𝐧)

(16)

Equation 16 represents the mean inter-particle distance (d) as a function of particle density
(n), which is the number of particles per unit volume. The Wigner-Seitz radius is not the most
accurate methodology to show the real inter-particle distance of a physical system. Typically, more
sophisticated techniques are used for determining the real particle dispersion in a fluid matrix;
however, for the purpose of this study, the Wigner-Seitz radius provides a simple way of
representing this value analytically.
Since the independent variable is concentration (related intrinsically to mean inter-particle
distance), the tested nanoparticle system ideally must be monodisperse and the precise
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concentration of nanoparticles in suspension must be known. To satisfy these conditions, thirdparty iron oxide nanoparticles of similar size to the TX-SPIONs and ES-SPIONs were purchased
at a defined concentration in water. After characterization of their size and crystallinity, the
nanoparticles were then heated at various concentrations and magnetic field strengths to observe
the subsequent changes in SAR.

4.1. Materials and Methods
Iron oxide nanoparticles approximately 15 nm in size and at a concentration of 5 mg/mL
were purchased from Ocean NanoTech (SHP-15); the particles were coated with monolayers of
oleic acid and amphiphilic polymer while maintaining a carboxyl functionalization on their
surface. Particle characterization was performed using the same resources as indicated in Section
3.2. TEM imagery was taken on a JEOL JEM 1011, while XRD was performed using a Rigaku
Miniflex II benchtop diffractometer, using Cu-Kα X-rays at a wavelength of 0.15418 nm. TEM
images of the particles as well as a size distribution are shown in Figure 16.

Figure 16: Carboxyl-functionalized nanoparticles TEM image and size statistics
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TEM imagery indicated that the size distribution is consistent with what the manufacturer
had indicated, with an average size of 14.5 +/- 1.5 nm. The capping chemistry provides a consistent
barrier around each nanoparticle to both maintain their uniform spherical shape, as well as prohibit
aggregation, which would not be ideal for the heating trials. The XRD scan illustrated in Figure
17 displays the crystalline structure of the nanoparticles; the scan was performed between the 2θ
angle range of 25-75°.

Figure 17: XRD of carboxyl-functionalized nanoparticles

Like with the TX-SPIONs and ES-SPIONs in Chapter 3, the crystalline structure of these
nanoparticles are quite consistent with that of magnetite and maghemite. The peaks shown on the
scan correlate with inter-planar spacings of magnetite at 2.94 Å, 2.52 Å, 2.09 Å, 1.608 Å, and
1.474 Å, which correspond to the magnetite crystalline planes (220), (311), (400), (511), and (440),
respectively [1]. Further analysis of the principal (311) peak using Scherrer analysis indicated an
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average crystal size of ~10 nm, which is close to the measurements observed with the TEM
imagery.
All nanoparticle heating trials were performed using an Ambrell EasyHeatTM LI 8310 with
the same coil/capacitor setup as in Chapter 3 (resonant frequency of 303 kHz). Figure 18 illustrates
the sample environment for these tests. Within the induction coil, a 3-D printed support with
circulating air lines kept the nanoparticle suspension consistently at the center of the coil and
isolated them from the small amount of residual thermal energy produced by the coils through
Joule heating. A fiber optic thermocouple was used to measure the initial slope for the SAR
calculation.

Figure 18: Test setup for induction heating experiments

Seven separate samples with increasing concentrations of the carboxyl-functionalized
nanoparticles were created: 0.05, 0.1, 0.15, 0.25, 0.5, 0.75, and 1.0 mg/mL. By using the size
statistics gathered with TEM, the density for magnetite, and the known concentration, the mean
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inter-particle distance was calculated for each sample based on the Wigner-Seitz radius equation.
Table 3 displays the mean inter-particle distance for each concentration.

Table 3: Tested concentrations with their associated mean inter-particle distance
Concentration
(mg/mL)
0.05
0.1
0.15
0.25
0.5
0.75
1.0

Mean Inter-Particle Distance
(nm)
680
539
471
397
315
276
250

The dependence of SAR on particle separation was analyzed at three separate applied
magnetic field strengths, 24.2 kA/m, 48.5 kA/m, and 72.5 kA/m, in order to show the behavior of
the interactions with respect to the applied field. The trials herein utilized the initial slope
calorimetric method to determine SAR. Each particle trial was heated for 100 seconds, and the
initial slope of the temperature curve was recorded and used to calculate SAR via Equation 7.

4.2. Particle Performance vs Mean Inter-Particle Distance
Figure 19 illustrates the SAR vs Mean Inter-Particle Distance curves for all three magnetic
field strengths. For the two highest applied magnetic fields, 72.5 kA/m and 48.5 kA/m, larger
separations resulted in an increase in SAR for the concentrations below 0.1 mg/mL (539 nm). At
24.2 kA/m applied field, an increase in SAR was not observed in this region. For all three magnetic
field strengths, the 0.05 mg/mL sample (680 nm separation) observed no measurable increase in
bulk temperature during the allotted time, so an SAR of 0 was recorded. It is false to infer that the
nanoparticle samples < 0.1 mg/mL are not producing heat; however, the dissipated thermal energy
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is not large enough to change the temperature of the water within the measurement time to a degree
that can be detected by the thermocouple. A control measurement consisting of a deionized water
sample with no nanoparticles was undertaken to portray the lack of residual heat coming from the
coil itself, which can be found in the Appendix; the temperature of the control sample remained
constant throughout the test, as expected.

Figure 19: SAR vs Mean Inter-particle distance for magnetic field strengths 24.2 kA/m, 48.5
kA/m, and 72.5 kA/m and their associated fits
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In order to establish some predictability in these results, a model was created to showcase
the dependence of SAR on inter-particle separation (d), which is shown in Equation 17. The model
consists of two parts: a low inter-particle distance power law (first term), which describes the
data’s behavior at < ~600 nm separation, and a high inter-particle distance power law (second
term), which accounts for the decrease in SAR at > ~600 nm. Figure 19 displays the model fits for
each data set, and Table 4 showcases the parameter values for those fits, as well as their respective
R2 values, which is indicative of the “goodness” of the fit.

𝟏
𝐒𝐀𝐑

𝟏

𝟏

= 𝐀𝐝𝛃 +𝐂 + 𝐃𝐝𝛆

(17)

Table 4: Model parameters for fits in Figure 19
Model Parameters
Applied
Field (kA/m)
24.2
48.5
72.5

A

β

C

D

ε

R2

4.084E-9
8.607E-11
3.201E-11

3.644
4.654
4.841

135.8
287.1
284

1.929E24
1.929E24
1.929E24

-8.041
-7.901
-7.84

0.9425
0.9068
0.8813

The parameters of the second term are quite similar between each of the magnetic field
magnitudes; this can be seen by observing the parameters D and ε, which represent the scale and
power law slope for the second term, respectively. This term simply portrays that the SAR will
decrease rapidly to zero as the concentration decreases and inter-particle separation increases. The
most notable changes in the model can be seen with the first term, which essentially fits the data
from 250 to 471 nm. At magnetic field strengths 72.5 kA/m and 48.5 kA/m, the background (C)
parameters are essentially the same; “background” is a term used to define the value that the SAR
approaches as inter-particle distance continually decreases. It implies that the SAR will reach a
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steady state value of 284 W/g, 287.1 W/g, and 135.8 W/g for magnetic fields 24.2 kA/m, 48.5
kA/m, and 72.5 kA/m, respectively, as concentration increases. The matrix in Figure 20 showcases
the correlation between the parameters; parameter D was not plotted due to remaining constant
between the different trials. Additional trials at various magnetic field strengths and model fits are
required to illustrate more encompassing correlations; however, at the three magnetic field
strengths tested, the parameters exhibited a strong correlation with one another.

Figure 20: Correlation matrix comparing the A, β, C, and ε parameters of the model

The main difference between the tests can be seen with the parameter β, which is a relative
measure of the rate at which SAR increases with inter-particle distance. When the magnetic field
is reduced from 72.5 to 48.5 kA/m, the parameter β decreases from 4.841 to 4.654. Since their
scales are within the same order of magnitude and their background terms are nearly identical, this
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decrease in β correlates with a decreased response in SAR with respect to inter-particle distance.
In the case of the lowest field magnitude, 24.2 kA/m, the background is much lower at 135.8,
which indicates a lower steady-state value. The β parameter of this test cannot be directly compared
to the tests at higher magnetic field strengths, due to a difference in scale (A); however, through
visual inspection, it is quite noticeable that the SAR stays constant until eventually decreasing
drastically at high inter-particle separation.
Figure 21 illustrates the SAR curves in terms of concentration. Aside from the outliers at
0.05 and 0.1 mg/mL, the general trend indicates that SAR increases with decreasing concentration
for these trials.

Figure 21: SAR vs Applied magnetic field curves for all concentrations tested

The increase in SAR is also more prominent at higher magnetic field strengths, with the
largest difference of 151 W/g being between 0.15 mg/mL and 0.75 mg/mL at 72.5 kA/m field
strength. At the lowest field strength, 24.2 kA/m, the same difference in SAR between those
concentrations is only 1 W/g, which is negligible due to experimental error. The same observation
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can be seen when comparing the models in Figure 19 in the region of 250 nm to 471 nm; the SAR
remained constant with the lowest magnetic field but was affected to a greater degree at higher
fields. The cause of the changes in SAR can likely be attributed to dipole-dipole interactions, which
become more prevalent in higher concentrations and at higher magnetic field strengths.

4.3. Visually Observing Particle Stability
Overall heat dissipation is the ideal parameter to determine the effectiveness of an iron
oxide nanoparticle colloid, but another important factor to consider is particle stability. This refers
to the particles’ ability to not only release the necessary thermal energy but also remain colloidally
stable and not aggregate into clusters, which dampens their thermal response. In order to observe
the effects of heating on particle geometry and cluster formation, TEM images (Figure 22), were
taken to view the physical structure after induction heating of all three nanoparticle sets tested in
the past two chapters: carboxyl functionalized nanoparticles, ES-SPIONs, and TX-SPIONs. This
created a comparison between the carboxyl nanoparticles, which had a thicker and more resilient
shell to uncapped or surfactant-capped nanoparticles.

Figure 22: Particle structure after heating for TX-SPIONs (left), ES-SPIONs (middle), and
carboxyl-functionalized nanoparticles (right)
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As indicated by the far right picture, the carboxyl-functionalized nanoparticles remained
well-intact and dispersed during the heating process: however, both samples tested in Chapter 3
exhibited aggregation on the micron scale, which validated SANS measurements. The ES-SPIONs
showed much larger and more expansive aggregates than those observed in Figure 12a in Chapter
3, while the TX-SPIONs formed smaller, discrete clusters. For both the TX-SPIONs and ESSPIONs, a more durable capping agent would be necessary for repeated applications, such as with
the carboxyl-functionalized nanoparticles.

4.4. Discussion of Results
Ideally, SAR should be an intensive property, such as density. Increasing the mass of
SPIONs in the sample should result in a proportional increase in the temperature rise, which should
keep the SAR constant; however, research covered in the Introduction and displayed in this chapter
indicates that it is much more intrinsically linked to inter-particle distance than the simple formula
in Equation 7 shows. In order to fully understand the inter-particle behavior occurring within the
suspension, a deeper understanding of the underlying mechanics is necessary. Developing an allencompassing model which fully describes inter-particle behavior and subsequent effects on SAR
continues to be a challenge for the scientific community because SAR maintains dependence on
everything from the particle structure (size, shape, crystallinity) to the capping chemistry
(thickness, charge, molecule size). The dominant force behind inter-particle interaction from a
purely magnetic standpoint is dipole-dipole interactions, and due to their complexity, numerical
simulations have become an increasingly popular way to model them. Arguably the most accurate
approach to model the magnetization dynamics of each particle is through the use of
micromagnetic simulations; more specifically, the Landau-Lifshitz-Gilbert (LLG) equation [2-5],
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shown in Equation 18, where m is the magnetic moment, γ is the gyromagnetic ratio, α is the
damping ratio, and Hth is thermal noise. A key component in the LLG equation is the effective
field (Heff); this field for each particle is comprised of multiple parts, displayed in a simple
Hamiltonian (H) (Equation 19), where Hanis is the contribution from the uniaxial anisotropy of the
particle, Hfield is from the applied magnetic field, Hdipole represents the effect of dipole-dipole
interactions [3].

𝐝𝐦
𝐝𝐭

𝛄

𝛄𝛂

= 𝟏+𝛂𝟐 𝐦 × (𝐇𝐞𝐟𝐟 + 𝐇𝐭𝐡 ) − 𝟏+𝛂𝟐 𝐦 × [𝐦 × (𝐇𝐞𝐟𝐟 + 𝐇𝐭𝐡 )]

𝐇 = 𝐇𝐚𝐧𝐢𝐬 + 𝐇𝐟𝐢𝐞𝐥𝐝 + 𝐇𝐝𝐢𝐩𝐨𝐥𝐞 

(18)

(19)

The Hamiltonian shows simply that inter-particle interactions directly influence the total
effective magnetic field felt by the nanoparticles in suspension, and if the nanoparticles are not
well separated either through their capping agent or the dispersed medium, these interactions must
be taken into account when determining the thermal efficiency of the nanoparticles. As the distance
between particles gets progressively smaller, the influence of dipole-dipole interactions becomes
increasingly more apparent. If two uniform magnetic nanoparticles are magnetically saturated,
separated by distance d, and have similar average magnetic moments μ, the interaction energy
(Udipole) is represented on the order of Equation 20 [6].

𝛍 𝛍𝟐

𝟎
𝐔𝐝𝐢𝐩𝐨𝐥𝐞 ≈ 𝟒𝛑𝐝
𝟑

(20)

The energy displays a d-3 dependency on the separation between two nanoparticles.
Previous investigations into this relationship have yielded computational results that contain
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similarities to this study. Systems with increasing concentration and reduced particle separation
were found to reduce the overall hysteresis loop area by lowering the coercive field [3] as well as
decreasing susceptibility (change in magnetization with respect to the applied field) [7]. Other
simulations indicated that decreasing the dipole interaction component made magnetizing the
clusters of nanoparticles easier [8]. In the case of this experiment set, the distance represented by
d in Equation 20 can be roughly correlated with the mean inter-particle distance calculated in
Section 4.1. As the average distance between particles increases, Equation 20 dictates that the
magnitude of the dipole-dipole energy will decrease on the order of d-3. For the trials at 72.5 and
48.5 kA/m, the measured SAR observed a power law increase as inter-particle distance increased,
which implies that the magnitude of the dipole-dipole energy and experimental SAR are
intrinsically related. Because of this, a power law relationship served as the basis for the developed
model in Equation 17. The effect also displays dependence on magnetic field strength; an increase
in SAR with respect to inter-particle separation was not observed for the lowest field magnitude
(24.2 kA/m), which is likely due to a decrease in dipole-dipole interactions as a result of decreased
field strength. By observing the change in SAR with respect to the applied magnetic field for all
of the concentrations in Figure 21 it is apparent that mean inter-particle distance alters the
maximum power dissipated by the particles, which is theoretically approximated by Wmax =
4μ0 Hc Ms . With previous simulations indicating that dipole-dipole interactions alter the particles’
coercivity and saturation magnetization, it is not surprising that a reduction in SAR was observed.
Further magnetic analysis is necessary to draw more complete and succinct conclusions.
While the dynamics of discrete particles in suspension can be accurately represented
through magnetic calculations/simulations, particle clustering changes this dynamic by
introducing the effect of particle instability and aggregation. Nanoparticles are inherently unstable,
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so without the aid of surfactants or other capping agents, it is fairly easy for the particles to
aggregate, especially when magnetized. In Section 4.3, it can be seen that the ES-SPIONs
aggregate the heaviest due to their complete lack of a capping agent, while the carboxylfunctionalized nanoparticles barely aggregated at all due to their protective coating of oleic acid
and amphiphilic polymer. All of these tests, however, were performed in a much-idealized
environment. Deionized water provides a medium through which maximum control can be
maintained during SPION induction heating experiments. Water is unreactive, well characterized,
plentiful, and easy to model; however, applications, such as hyperthermia, do not take place in an
ideal environment. The human body contains multitudes of ions, macromolecules, and cells which
can greatly interfere with the SPION heating process and result in a drastically different SAR than
what is observed in a more controlled setting. The TX-100 capped TX-SPIONs behave fairly stable
when in this deionized environment; however, like with most nanoparticle suspensions, their
behavior drastically changes when exposed to an ionized environment, more specifically, a saline
suspension. An ionic environment promoted the formation of clusters; however, the cluster
formation was inherently due to the interaction of the surfactant with the electrolyte-rich medium.
Testing in an ionized environment gives a better indication of how SPIONs will perform in
hyperthermia applications and should be standard practice for testing the viability of nanoparticles.
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Appendix B
Temperature versus time plot for the deionized water control during induction heating.

Figure B-1: Temperature vs time for control
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5. TX-100 CAPPED IRON OXIDE NANOPARTICLE TRANSFORMATION AND
IMPLICATIONS FOR INDUCTION HEATING AND HYPERTHERMIA TREATMENT
5.1. Introduction
Macroscopic induction processes are prevalently used around the world for localized,
controlled heating of conductive materials, such as machined parts. It is a desirable method for
industrial applications, due to its increased efficiency, controllability, and safety [1]. However,
the processes which govern induction heating of nanoparticles are quite different and more abstract
than particles on larger length scales. With the recent interest in nano-scale material science, the
use of magnetic nanoparticles, particularly ferrous particles, has been seen extensively in the
medical industry as a method for cancer treatment, drug delivery, and MRI contrast agents [2-4].
Understanding the driving forces behind induction heating of nanoparticles is critical in the
advancement of research in this field.

5.1.1 Nano-Scale Induction Heating Theory
Heating nanoparticles via induction is a far more involved and intricate process on the
molecular level. Typically, the depth of magnetic field penetration on large conductive parts with
an induction heater is dependent on the frequency of the oscillating field and the material properties
of the work piece, such as resistivity and relative magnetic permeability [5]. For use with
nanoparticles, depth of penetration is not normally a factor that is considered, and the range >100
kHz is commonly used in most nano-scale applications [2]. The traditional definition of a
nanoparticle describes the size range encompassing 1 nm to 100 nm [6]. Below a certain size
threshold, that is dependent on the material properties, magnetic nanoparticles exhibit unique
behavior that is described as superparamagnetism; for iron oxide nanoparticles, this threshold is
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approximately 20 nm [7]. Essentially, the nanoparticle is considered to be a single magnetic
domain due to its size, as opposed to a conglomeration of magnetic domains observed in
macroscopic work pieces. A superparamagnetic iron oxide nanoparticle (SPION) can be modeled
with having two antiparallel magnetic moment configurations separated by a magnetic anisotropic
energy barrier [8]. Depending on the thermal energy of the system, SPIONs have a finite
probability that their magnetization will overcome this barrier and “flip”, and the average time
measured for a single particle’s magnetization to flip twice is called the Néel relaxation time (τ N)
[9]. The energy barrier is heavily dependent on the volume of magnetic nanoparticles. SPIONs
have much larger magnetic susceptibilities than paramagnets and have no coercivity and
remanence [6]. These unique characteristics imply that once an external magnetic field is removed,
the internal magnetic moment will again randomize with no reverse magnetization necessary and
eventually reduce the net magnetization to zero [9]. The combination of these two occurrences
results in a non-existent hysteresis loop, in an ideal case.
Rosensweig derived, using the out-of-phase component of the magnetic susceptibility, the
heat generation per unit mass of SPIONs [10]. That equation shows that it is a function dependent
on the relaxation time and the properties of the alternating magnetic field [11]. Conversely, the
heat produced from SPIONs is represented as a quantity called the specific absorption rate (SAR:
W-g-1), which shows the thermal energy produced per gram of nanoparticles. Experimentally, it is
determined using Equation 21, where “c” is the specific heat of the suspension, dominated by the
solvent, and “m” is the weight fraction of the nanoparticles [12].

𝐖

𝟏

𝐝𝐓

𝐒𝐀𝐑 ( 𝐠 ) = (𝐦) 𝐜 𝐝𝐭 

(21)

72

5.1.2. Heat Transfer Modeling and Hyperthermia Implications
The focus of SPION research has been in the medical sector with studies that deal with
magnetic hyperthermia, which is advertised as an alternative treatment of cancer by localized
induction heating of ferromagnetic and ferrimagnetic nanoparticles. Research has shown that
maintaining a temperature within the range of 42ºC-47°C causes death of living cells; by using
induction against cancer tissue, harmful treatments such as radiation and chemotherapy can
potentially be avoided [13]. The exponential increase in nanoparticle research has led to an overall
improvement in control and accuracy of this unique treatment.
With the increase in computational power, more numerical models have been utilized to
accurately model the interfacial heat transfer. A notable study used the bio-heat conduction
problem to model heat transfer into living tissue, by also taking into account the energy produced
through the body’s natural metabolic rate [13]. Another group performed simulations that modeled
the increased thermal output of SPION clusters as compared to dispersed particles [14]. Their FEM
model allowed them to observe the heat propagation as the clusters increased exponentially in size.
Even though the heat generation mechanism of SPIONs is widely speculated, it is proven that
when arranged in clusters, the generated power density increases [14]. While numerical
simulations have shown that clusters increase induction heating yield, interactions between dipoles
within agglomerated nanoparticle cores can affect the overall heat generation as well. A study
utilizing small-angle neutron scattering (SANS) employed a new method for analyzing the
magnetic structure of different SPIONs [15]. Their research suggests that dipole-dipole
interactions play an immense part in the generated SAR of the nanoparticle suspensions; the
fabricated particles with an aggregated crystalline core displayed a higher thermal output than
particles with dispersed structure due to these interactions [15].
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Most studies over the past decade have mainly observed how the intensive properties of
SPIONs affect their thermal performance, but a key aspect of this study that remains neglected is
the effect of the local environment on the SPION’s coating and heat transfer. A common coating
used with SPIONs is an organic non-ionic surfactant, such as TX-100, which is easily implemented
into the fabrication process as a way of reducing agglomeration [16]. When dealing with biological
applications, ionic contaminants are virtually everywhere (whether natural or purposely introduced
in the environment) and certainly may interfere and interact with the magnetic nanoparticles and
their coatings during induction heating. For this reason, understanding how their coatings react
within these environments is key for creating stable nanoparticles that are both biocompatible and
functional at therapeutic temperatures. This article focuses on the interactions of TX-100 capped
SPIONs within saline suspensions and the subsequent formation of nanoparticle clusters;
approaches for examining chemical and morphological changes will also be examined, as well as
their effect on the SAR due to induction heating.

5.2. Materials and Methods

5.2.1. SPION Synthesis
For the studies in this effort, iron oxide particles were prepared according to the synthesis
technique of the “as-prepared” particles Mandal et al. outlined [17]. A stock solution was prepared
by dissolving ferric ammonium sulfate (0.128 M with respect to Fe(III) ion) and ferrous
ammonium sulfate (0.064 M with respect to Fe(II) ion) in 100 mL of 0.40 M aqueous sulfuric acid
solution. TX-100, a non-ionic surfactant, was added to 250 mL of 1.0 M NaOH solution to make
the final strength of the TX-100 solution 0.01 M. While maintaining the temperature of the TX-
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100 solution between 70°C-80°C and stirring with a non-magnetic stirrer, 25 mL of the stock
solution was added drop by drop and was allowed to continually stir for an additional 30 minutes.
The black SPIONs precipitated out and settled at the bottom of the solution. The particles were
then cooled to room temperature, washed with deionized (DI) water, and left in suspension [17].

5.2.2. Sample Preparation
For the purpose of this study, samples of the SPIONs were suspended in aqueous solutions.
A total of 22 samples were prepared, each with 1 mL of DI water or saline solution, in 1.5 dram
glass vials; the sample compositions were varied by adjusting the molarity of NaCl in solution as
well as the concentration of SPIONs. A complete outline of the compositions of each of the
samples as well as their heat treatment can be found in the Appendix. Two separate SPION
concentrations were used during these tests: 5 mg/mL and 10 mg/mL. Each concentration had 10
samples, each with increasing NaCl molarity, in order to show the effects of the salinity on more
than one nanoparticle concentration. These 20 samples were heated using an alternating magnetic
field to 45°C, which is within the range of therapeutic temperatures for hyperthermia. The last two
samples were similar in preparation; they both contained an SPION concentration of 5 mg/mL in
1 mL of 0.5 M NaCl solution. However, Sample 21 was not heated at all in order to observe the
effects of the addition of NaCl without induction heating, and Sample 22 was heated on a hot plate
to 45°C to observe the effects of a non-induction heat source.

5.2.3. Induction Heating
Ambrell EasyHeat™ LI 8310, 10 kW, 150-400 kHz power supply was used for performing
the induction heating experiments. Figure 23 shows a picture of the coil used during the
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experiments; the 7-turn coil has a length of 44 mm and an inside diameter of 25 mm. The
inductance of the coil and the selected capacitors resulted in a resonant frequency of 310 kHz; each
test was set to 550 A for the duration of the test. The resulting power loss from each trial was
approximately 4.8 kW, and the magnetic B-field was calculated to be 0.11 T. Each sample
underwent sonication to ensure a relatively even distribution of nanoparticles and to eliminate any
particle settling prior to heating. The temperature measurements were taken with a fiber optic
thermocouple in order to prevent magnetic interference with the temperature readings. In order to
limit heat transfer between the exterior of the coil (which becomes slightly warm during the applied
alternating current) and the sample vial, a circulating air tube and a layer of insulation was placed
at the boundary between the sample and the coil, also shown in Figure 23. Circulating water also
cycled within the coil itself to limit the heat generated from the high current. SAR was calculated
for each heated sample by using the initial measured temperature change in Equation 17; each
sample was heated a total of three times, the initial temperature change was calculated for each
trial, and an average SAR was recorded. The specific heat was also adjusted accordingly depending
on the mole fraction of NaCl in the suspension.

Figure 23: Induction heating experimental setup for nanoparticle suspensions in a glass vial
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5.2.4. Particle Characterization
For particle characterization, the group used a Titan 80-3000 HRTEM to take images of
the saline and DI suspensions both before and after induction heating, as well as view the Selected
Area Electron Diffraction (SAED) patterns. HRTEM sample preparation consisted of placing a
drop of the sample from a pipette onto carbon-coated copper grids and allowing them to dry for at
least three days (in a desiccant box). The group also used X-Ray Diffraction (XRD) to characterize
the unheated particles in order to confirm their crystal structure before testing; XRD samples were
prepared on glass slides by placing a few drops of the unheated nanoparticle solution on the slide
and allowing the solution to dry for three days. The XRD spectrometer used was a Rigaku Miniflex
II bench-top diffractometer, which utilized standard Cu-Kα X-Rays (wavelength = 0.15418 nm).
The XRD patterns for the SPIONs were referenced using Magnetite R061111 within the RRUFF
database. Electron microscope images and diffraction patterns were analyzed to view the size
distribution of the particles and to compare the diffraction peaks to known inter-planar distances
for iron oxides. TEM images taken both before and after heating allowed qualitative comparisons
to be performed.
Along with the visual characterization with the HRTEM, Dynamic Light Scattering data
was gathered in order to measure the effective diameter of the nanoparticles agglomerations. The
DLS measurements were performed with a Brookhaven Instruments Corporation ZetaPALS Zeta
Potential Analyzer. Sample preparation consisted of placing 2 mL of each suspension into a cuvette
and sonicating for 15 minutes in order to ensure proper sample distribution and to minimize
settling.
In order to supplement the TEM and DLS data, X-Ray Photoelectron Spectroscopy (XPS)
was used to identify changes in chemical structure between the DI and saline samples. For XPS,
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the samples were prepared each on a 5mm x 5mm silicon wafer by placing a droplet of the
suspension onto the wafer surface and allowing it to dry for a week. The measurements were
performed using a PHI 5000 VersaProbe Scanning ESCA Microprobe.
Magnetic Force Microscopy (MFM) measurements, gathered using a Park NX10 Atomic
Force Microscope (AFM), allowed the group to observe the magnetic attractive force of the
particles as well as view topographical measurements. Silicon wafers served as a substrate for the
MFM measurements; the suspensions were placed on the substrate with a pipette and allowed to
dry. In an attempt to isolate the nanoparticles, the surface was gently rinsed with DI water to reduce
surface coverage of excessive particles. Two separate MFM scans were performed with a
magnetized cantilever: a normal scan in tapping mode to provide topographical measurements and
the same scan at a lifted distance to provide measurements of magnetic forces. The distance
provided enough separation to make weaker forces, such as van der Waals and electrostatic
interactions, negligible. The magnetic forces were quantified by measuring the shift of the phase
and resonance of the MFM tip due to attractive/repulsive forces in the sample.

5.3. Results and Discussions

5.3.1. Initial Characterization
Before performing the induction heating experiments, initial characterization data was
gathered to verify the composition of the particles. Figure 24 shows the XRD results from the
particles before induction heating.
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Figure 24: XRD plot for the unheated SPIONs

The XRD analysis in Figure 24 illustrated prominent peaks occurring at 2.975 Å, 2.545 Å,
2.099 Å, 1.709 Å, 1.618 Å, and 1.484 Å, which correspond to planes (220), (311), (400), (422),
(511), and (440), respectively. All of these peak locations conform to those of magnetite and
maghemite, which have nearly identical XRD patterns [18]. Since the peaks are also broad and
have low intensity, it can be inferred qualitatively that the relative crystal size is quite small. By
measuring the Full Width Half Maximum (FWHM) of the (311) peak and using the Scherrer
equation, shown in Equation 22, the estimated crystal size was calculated to be 11 nm, where Θ is
the FWHM, λ is the X-Ray wavelength, K is the Scherrer constant, D is the crystal size, and θB is
the Bragg angle [19].
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Along with XRD, the unheated particles were also viewed with a HRTEM. Figure 25
shows both a low and high magnification image of the SPIONs as well as a histogram
highlighting their size distribution. The particles shapes are mostly spherical, and from analysis
of the broader images, they had an average size of 17.5 nm.

Figure 25: a. Low magnification of SPIONs with histogram; b. High magnification of two
SPIONs with TX-100 capping

5.3.2. Induction Heating Data
For each SPION concentration, 5 mg/mL and 10 mg/mL, the change in SAR was plotted
as a function of NaCl molarity, and this is illustrated in Figure 26, where graph (a) shows the 5
mg/mL samples (Samples 1-10) and graph (b) shows the 10 mg/mL samples (Samples 11-20).
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Figure 26: a. SAR plot for 5 mg/mL samples b. SAR plot for 10 mg/mL samples

For both sets of SPION suspensions, a proportional relationship between SAR and NaCl
molarity was observed, and both were fit with linear trend lines. The two sample sets illustrate an
obvious increase in SAR with increasing NaCl molarity; however, it is noted that the samples with
a higher concentration (Samples 11-20) increased at a lesser rate than the lower concentration
samples. This is shown through the slope of the linear fit equations for the 10 mg/mL and 5 mg/mL
samples, which were 130 (W/(g-M)) and 250 (W/(g-M)), respectively. Theoretically, the samples
sets should have very similar SARs; however, the effects of concentration of SPIONS on induction
heating performance have been disputed over the past decade of research. Studies indicate that at
higher concentrations, dipole-dipole interactions between neighboring SPIONs become more
prevalent within the suspension and would increase the anisotropic energy barrier for relaxation
mechanisms [20, 21]. Such studies would explain there is a difference in SAR between the 5
mg/mL and 10 mg/mL samples.
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5.3.3. HRTEM and DLS Analysis
HRTEM images were gathered in order to visually and quantitatively analyze the physical
characteristics of the SPIONs after induction heating in an attempt to better understand why the
saline suspensions were increasing induction heating effectiveness. Samples 1 and 6 were chosen
as representatives to create a comparison between both the DI and saline samples using TEM
imagery, which both contain 5 mg/mL of SPIONs and are dispersed in 0.0 M and 0.5 M NaCl
solutions, respectively. Figure 27 displays the HRTEM images, both low and high magnification,
and their associated SAED patterns, which were gathered in order to check for changes in
crystallinity. Figure 27a and Figure 27c show images of disperse SPIONs that are within the size
range of the original fabricated particles. No apparent agglomeration had occurred, and the
particles’ SAED patterns exhibited diffraction rings that corresponded to a primarily magnetite or
maghemite sample, as shown in Figure 27b and Figure 27d, with the most prominent of those rings
corresponding to planes (220), (311), (400), (511), and (440).
While Sample 1 looked virtually unchanged in appearance from the unheated particles,
shown in Figure 25, the most significant change came from observing Sample 6, illustrated in
Figure 27e-Figure 27h. When heated in the saline suspension, the nanoparticles exhibited
significantly higher degrees of agglomeration, when compared to their counterparts in the DI water
suspension. As shown in Figure 27e, the clusters are an order of magnitude larger in size than the
individual nanoparticles, with an average measured cluster size of 410 +/- 74 nm. There was
difficulty in gathering SAED patterns for the new clusters, shown in Figure 27f; however, two
noticeable diffraction rings were measured, corresponding to planes (311) and (400), both of which
are principal peaks for magnetite and maghemite. We believe that the difficulty in gathering SAED
patterns is not necessarily attributed to a decrease in crystallinity, but rather a consequence of the
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large amounts of surfactant within the clusters. To check for a bulk change in crystallinity between
samples, XRD was also performed for Samples 1 and 6, shown in the supplementary material.
Even though the high-intensity peaks for NaCl overshadowed many of the lower-intensity SPION
peaks, there was little discernable shift or change in the SPION crystal structure observed.
Along the boundary of each cluster, it was noticed that highly crystalline particles, shown
in Figure 27g, had nucleated from the globular center. The nanoparticles along the boundary were
found to be smaller than the average measured diameter of the original particles, with an average
size of 3.97 +/- 0.61 nm for the nucleation; however, analysis of the SAED pattern, shown in
Figure 27h, indicated that these particles share a similar iron oxide structure as well, with
diffraction peaks corresponding to the crystalline planes (220), (311), (400), and (422).

Figure 27: TEM images and electron diffraction patterns: a. Sample 1 low magnification; b.
Sample 1 low magnification SAED pattern; c. Sample 1 high magnification; d. Sample 1 high
magnification SAED; e. Sample 6 low magnification; f. Sample 6 low magnification SAED
pattern; g. Sample 6 high magnification; h. Sample 6 high magnification SAED pattern
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While TEM images provided visual evidence of the agglomeration undoubtedly observed
through the addition of NaCl, DLS was utilized in order to quantitatively measure the effective
diameter of the clusters within the suspensions. A representative sample group was created from
Samples 1, 3, 5, 7, and 9, which each contain 5 mg/mL SPIONs and 0, 0.2, 0.4, 0.6, and 0.8 M
NaCl solution, respectively, in order to observe any relative change in cluster size. Figure 28
displays the relationship between the measured effective cluster diameter and the concentration of
NaCl in solution.

Figure 28: Increase in effective diameter with increasing NaCl molarity

It is clearly observed in Figure 28 that with an increase in salinity of the suspension, there
is a subsequent, proportional increase in the effective diameter of the clusters. The particles
suspended in DI water exhibited relatively low effective diameters of 80 nm, which is indicative
of small scale clustering of 3-4 nanoparticles similar to those shown in Figure 27c; however, the
addition of salt nearly doubles the effective diameter of the clusters in the 0.2 M solution. The
trend continues until the 0.8 M suspension, which had measured structures in the micro-size range.
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We also examined the control samples, 21 and 22, in order to show if the clustering is mitigated
by an external heat source or the induction heating. The unheated sample, 21, and the hot plate
heated sample, 22, had measured effective diameters of 659 nm and 649 nm, respectively, which
both the fit trend, shown in Figure 28, within an 80 nm standard deviation. This indicates that the
clustering observed in the HRTEM images and DLS measurements is caused solely from the
addition of NaCl, not from either the induction heating process or other kinds of heat transfer.
The SPIONs in this study, as highlighted in Section 2.1, were capped with a nonionic
surfactant, TX-100, which reduced aggregation through the introduction of micelles. Studies
involving the behavior of TX-100 micelles in different ionic environments have shown that
increasing the concentration of electrolytes in relation to the amount of surfactant resulted in the
dehydration of the hydrophilic polar shell [22]. Altering the micelles in this fashion causes micellar
growth, due to the increase in aggregation and entrapped water within the micelles, and the trends
the researchers observed, with both the aggregation sizes and diffusivity, were also linear [23-25].
We believe that the micellar growth is a result of the saline environment and is responsible for the
structures shown in Figure 27e and Figure 27g. With previous research discussing how increased
nanoparticle size and cluster formation improves the thermal output of SPIONs, this heightened
nanoparticle agglomeration offers an explanation as to why we observed an increase in SAR with
increasing electrolyte concentration.

5.3.4. MFM
Similar to the HRTEM samples, MFM measurements were performed on Samples 1 and
6 to create a comparison between a DI water sample and a saline sample, which allowed the
group to quantitatively see the how the saline environment affects the magnetic attraction of the

85

nanoparticles. Figure 29 compares the 2-D magnetic phase shift map of Sample 1 to Sample 6.
Accompanying the phase shift diagram is Figure 30, which shows the histogram of the different
phase shifts within Figure 29, for Samples 1 and 6.

Figure 29: Sample 1 (left) and Sample 6 (right) magnetic phase shift

Figure 30: Phase shift histograms: a. Sample 1; b. Sample 6
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As seen in the Figure 30a, the majority of the particulate in Sample 1 caused a phase angle
shift between -0.1° and -0.3°, with the large peak at 0° representing the silicon background. When
compared to Sample 6, the lower phase shift regions are still seen; however, when observing Figure
30b, the particles in Sample 6 caused phase angle shifts as high as -2.0°, indicating the presence
of a stronger magnetic attraction. Not only were the same agglomerated formations observed in
the MFM measurements as in the HRTEM and DLS data, but these scans also indicated the
presence of larger magnetic domains and grain sizes, which is associated with a larger attractive
magnetic force. The combination of the DLS, HRTEM, and MFM results show that Sample 6 has
much larger magnetic attractive forces, SPION cluster sizes, and magnetic domains than Sample
1; which is why Sample 6 would be able to achieve a higher thermal output during induction
heating.
Chapter 5.1.2 introduced the concept and importance of SPION clusters for improved
induction heating performance. In the study of hyperthermia, the importance of inter-particle
behavior on their SAR is often underestimated, and assuming a homogenous distribution of
nanoparticles throughout a biological system, such as in hyperthermia treatment, has shown to be
inaccurate [26]. Previous research represents SAR not only as an individual particle response, but
rather more so the collective response of the nanoparticle group as a whole; factors like interparticle distance, size distribution, and anisotropy can dramatically affect their heat output [27,
28]. Aggregation of TX-100 micelles has shown to increase proportionally with electrolyte
concentration, so this phenomenon would result in a similar proportional increase in SAR due to
a decrease in inter-particle distance and an increase in SPION cluster size. MFM scans present
these clusters as areas of increased magnetic attraction, which would, in turn, correspond directly
to an increase in their induction heating performance.
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5.3.5. XPS
The group used XPS to help further characterize the changes occurring within the SPION
suspensions with regards to both the nanoparticles themselves and their surfactant. The spectra
corresponding to the Fe 2p and O 1s energies exhibited the most noticeable shift in energy peaks
between the samples. Figure 31 displays both the Fe 2p and O 1s binding energy for Samples 1
and 6.

Figure 31: Samples 1 and 6: a. O 1s binding energy; b. Fe 2p binding energy

In regards to the binding energy of O 1s, shown in Figure 31a, both induction heating
samples exhibited the presence of the principal peak at 530.5 eV. The presence of these peaks
corresponds with the presence of iron oxides, such as Fe2O3 (530.3 eV) and Fe3O4 (530.7 eV)
[29]. On the contrary of Samples 1, which has the single, sharp principal peak, the same peak in
Sample 6 is broadened to encompass energies ranging from 530-534 eV. There also exists a
separate peak in Sample 6 at 535 eV, which is believed to be the auger peak for sodium. The O 1s
orbitals for Samples 21 and 22 were also analyzed in order to isolate whether this change occurred
due to the induction heating or the NaCl; their plots can be found in the Appendix. It can be seen
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from their plots as well that the same peak broadening is occurring, which would suggest that the
change in binding energy of the O 1s orbital is due to the ionic environment, as opposed to solely
an effect of the induction heating. While the region of ~530 eV corresponds with common metal
oxides (magnetite/maghemite), the presence of peaks in the region of 531-533 eV indicates an
increased prevalence of organic bonds; excess water entrapment as a result of the micelle
aggregation could be a possible explanation for the peak broadening seen in the XPS plot, since
the O 1s binding energy for water has been reported within this range (533-535 eV) [29].
For Figure 31b, the two principle peaks for the Fe 2p orbital, located at approximately 710
eV and 724 eV, are common between the two samples, and they correspond to typical energy
levels of iron oxides, such as Fe3O4 (710.4 eV, 723.5 eV) and Fe2O3 (710.3 eV, 724 eV) [29].
The most noticeable difference that is illustrated in Figure 31b is the presence of a peak at 708 eV
in Sample 3 that is absent in Sample 1; this energy corresponds with the Fe 2p binding energy for
FeS2 (708.6 eV) or elemental Fe (708.7 eV) [29]. Since this peak is atypical of the SPION
composition, it was further investigated by examining Samples 21 and 22. The Fe 2p spectra for
those two samples can be found in Appendix; neither control sample displayed the same peak at
708 eV as with Sample 6, which indicates that this change is unique to the sample that was
inductively heated. When coupled with the examination of the HRTEM images of the smaller
particles nucleating around the clusters, the XPS plots of the Fe 2p orbital and the atypical 708 eV
peak indicate that the agglomerated state may be promoting a chemical change in the SPIONs that
is brought upon by induction heating.
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5.4. Conclusions
Upon the completion of the heating trials and subsequent characterization, the following
conclusions can be derived:
Temperature measurement, HRTEM imaging, and DLS measurements illustrated unique
relationships between the SAR and the concentration of sodium chloride within the SPION
suspensions. It can be seen that the SAR is dramatically increased with the introduction of NaCl
in the suspension, and it increases proportionally with increasing ionic concentration. We surmise
that this increase is attributed to micellar growth and an increase in agglomeration that is brought
on by the presence of electrolytes. The higher thermal output of highly agglomerated nanoparticles
is what we believe caused the increase in SAR amongst samples of increasing salinity.
MFM analysis shows that the saline samples contain areas of much larger attractive
magnetic force than the DI samples, indicated by the presence of a separate magnetic phase shift
region at -2.0°, and also had much larger magnetic domain sizes. The saline suspensions brought
up upon increased SPION aggregation and decreased inter-SPION spacing, which in turn resulted
in increased thermal output.
XPS analysis demonstrated how the nanoparticles and their capping agents were changing
within the ionic environment under induction heating conditions. The formation of additional
compounds in the suspension was proven by analyzing the Fe 2p spectra, which indicated that
chemical changes brought upon by the induction heating also occurred within the particle structure,
and analysis of control samples indicated that these changes were unique to the inductively-heated
samples. The broadening of the O 1s peak further corroborated evidence of a change in the TX100 micelles that was brought upon by the introduction of NaCl in the suspensions. The change in
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the O 1s peak was shown to be prevalent in all saline suspensions, even those without a heating
treatment, and is likely a product of micelle aggregation and increased water entrapment.
The ability to efficiently generate sustainable heat is paramount to the advancement of
magnetic hyperthermia. Interactions with local chemistries in tissue, body fluids, or delivery
solutions are especially important when considering the effects on heat “dosage” for a necrosis
treatment, and may furthermore represent different biocompatibility risks when considering the
effects of particle deposition within a living organism. Beyond these specialized treatment
concerns in medical hyperthermia, this is among the first chemical transformations of SPIONs
reported that had a positive effect on induction heating, which surprisingly led to the nucleation of
stable nanometer-sized crystalline particles, not achieved through typical chemical synthesis
techniques. This suggests there may be more chemical routes made available through inductively
heated nanoparticles previously unstudied, and additional engineered shells that can also increase
the effectiveness of hyperthermia. Additional comparisons will need to be made between these
nanoparticles and nanoparticles with a more inert shell, such as those coated with silica.

5.5. Glossary
SPION: Superparamagnetic iron oxide nanoparticle
MRI: Magnetic Resonance Imaging
TEM: Transmission Electron Microscope
SAED: Selected Area Electron Diffraction
SAR: Specific Absorption Rate
FEM: Finite Element Method
XRD: X-Ray Diffraction
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XPS: X-ray Photoelectron Spectroscopy
eV: Electronvolt
MFM: Magnetic Force Microscopy
AFM: Atomic Force Microscopy
DLS: Dynamic Light Scattering
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Appendix C
The table below outlines the composition of the samples used throughout the study as
well as their heat treatment.

Figure C-1: SPION samples used
The plots below show the XRD pattern for (a) Samples 1 and (b) 6. Both samples
indicate a magnetite/maghemite structure; however the NaCl signal in the Sample 6 drowned out
most of the signal from the nanoparticles.

Figure C-2: XRD patterns for a. Sample 1 and b. Sample 6
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The oxygen peak for magnetite as well as the auger peak for sodium are clearly visible.

Figure C-3: O 1s spectra for Sample 21
The oxygen peak for magnetite as well as the auger peak for sodium are clearly visible.

Figure C-4: O 1s spectra for Sample 22
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The presence of the peak at 708 eV is not evident, which indicates its presence is largely
due to the induction heating.

Figure C-5: Fe2p spectra for Sample 21
The plot below also does not exhibit the peak at 708 eV.

Figure C-6: Fe2p spectra for Sample 22
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6. CONCLUSION

6.1. Summary of Results
The study presented herein describes an investigation into iron oxide nanoparticle
induction heating, which focuses on the role of inter-particle behavior and environmental effects
on the thermal response of iron oxide nanoparticles. Thermal efficiency was analyzed in terms of
a variety of factors including inter-particle distance, environment, and nanoparticle structure for
different nanoparticle types.
A novel in situ methodology utilizing SANS was developed, which provided among the
first methods in literature to peer into nanoparticle suspensions during induction heating and
characterize the size extent and geometry of nanoparticle formations. Both nanoparticle types
exhibited long-range clustering behavior, with the size range of the globular formations extending
into the micron-range during heating. Using SANS in this manner shines a light on the role that
nanoparticle structure has on clusters formed during induction heating.
Thermal analysis illustrated the effects of concentration on nanoparticle induction heating
efficiency. The experimental heating data indicated a negative correlation between thermal output
and inter-particle distance. Increased concentration results in a simultaneous reduction in mean
inter-particle distance, which increases the prevalence of dipole-dipole interactions between
neighboring particles; the magnitude of these interactions also increases with increasing magnetic
field strength. Essentially, higher magnetic field strengths resulted in a higher thermal output
overall; however, the influence of dipole-dipole interactions is more apparent, which manifests
itself as a reduction in SAR with increasing concentration.
When an increased electrolyte concentration was introduced into a suspension of the TX100 capped nanoparticles, an increase in particle aggregation was observed. The addition of NaCl
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dehydrated the TX-100 micelle’s polar shell, which encouraged inter-micellar diffusion and
eventual nanoparticle aggregation. While the aggregation promoted a linear increase in SAR with
respect to the effective diameter of the aggregates, the clustering promoted a decrease in colloidal
stability, which is not necessarily ideal in many applications. This study brought to light the
importance of testing the stability of nanoparticles in ionic environments, which are present in
nearly all biological systems. Particle stability and reliability are often more important in most
cases than just raw thermal output.

6.2. Conclusions and Future Outlook
A commonality in all branches of science is that the true solution to a problem is one that
can accurately describe all cases. The chase for an over-arching analytical or numerical model for
iron oxide nanoparticle induction heating becomes closer to a reality every day; however, there
exists a vast amount of parameters which affect thermal dissipation rates. As told throughout this
document, inter-particle interactions play a crucial role in the development of this encompassing
model, yet the calculations to accurately determine their role are quite complex. Advances in
computing and the sheer size of numerical simulations have allowed researchers to investigate
these parameters with large scale precision, which is incredibly valuable for the advancement of
the knowledge regarding these phenomena.
Aside from computational simulations, the experimental development of simple semiempirical relationships between nanoparticle properties to estimate the SAR could prove to be
advantageous in practical application. An eventual goal of this work was to develop a potential
route to analyze SAR in terms of nanoparticle colloidal behavior. Knowing how SAR grows or
decays as a function of inter-particle separation would definitely prove useful in establishing a
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baseline for the incorporation of nanoparticles into other systems, such as instances where the
particle positions are fixed in a much more viscous medium. The relationships established in this
study (nanoparticle structure, SAR, inter-particle distance, electrolyte concentration, etc.) by no
means imply that this thesis has developed an all-encompassing model which can be applied to
every nanoparticle system. Not all magnetic nanomaterials are created equal, in a sense that due to
the immense diversity in fabrication techniques and nanoparticle structure, new nanomaterials
often need to be fully tested and characterized individually to fully understand their thermal
behavior. Much of what governs nanoparticle thermal dissipation is the relation between the
anisotropic energy and the applied magnetic field, and the relationship between those properties
can be determined through magnetic measurements, which were not covered in this study. The
hysteresis loops of nanoparticle systems can tell researchers a great deal about their magnetic
properties, such as the hysteresis loop area and anisotropic field. To fully comprehend how the
TX-SPIONs, ES-SPIONs, and carboxyl-functionalized nanoparticles respond to a magnetic field,
additional magnetic analysis is necessary. For future studies, a magnetic-centered approach
coupled with the methodologies outlined herein of observing nanoparticle colloidal properties
would greatly amplify predictive capabilities.
Even without directly utilizing magnetic measurements, the material in this thesis covered
a wide variety of unique characterization methodologies to view nanoparticle heating behavior and
clustering on a wide variety of length scales from magnetic dimers/trimers to micron-level
formations, which could serve quite useful in developing nanoparticles that are more functional
and reliable. Better nanoparticle design, both in terms of capping agents and core structures are
necessary to develop nanomaterials that have both increased stability and thermal output. For
furthering the study in biological applications, such as with hyperthermia, using more inert capping
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agents would prove to be effective against an increased concentration of contaminants, as well as
help to maintain their thermal performance after many cycles. Applying some of the
methodologies in this study would aid in optimizing those nano-scale material properties. With
increased control of materials on the nano-scale, nanoparticle induction heating will continue to
improve towards being both an interesting scientific phenomena and viable treatment option.
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7. APPENDIX

Appendix D: Nanoparticle Solution Preparation

Nanoparticle Synthesis Apparatus
Nanoparticle synthesis for the TX-SPIONs and ES-SPIONs were synthesized in the
Huitink Lab using the well-defined co-precipitation method. The experimental apparatus to
create both particle sets is shown in Figure D-1.

Figure D-1: Nanoparticle synthesis apparatus

Nanoparticle Washing and Dispersion
Chapter 3 defines the synthesis process for the particles in terms of the relative amounts of
the hydrated salts and NaOH to add to the solution; however the method of how they were
washed/dispersed was not discussed. For both particle sets, the formed precipitates were sonicated
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for 10 minutes to disperse the nanoparticles. After a centrifuging for 5 minutes at 7800 RPM, the
supernatant liquid was removed and replaced with the same amount deionized water. The mixture
was then vortexed for 1 minute at 2000 rpm. The process was repeated for 3 additional times to
both wash the nanoparticles, neutralize the pH of the solution, as well as create a colloidally stable
suspension of nanoparticles. Figure D-2 outlines the process.

Figure D-2: Nanoparticle washing and dispersion
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Appendix E: SANS/USANS

Sample Prep
Samples for both the SANS and USANS experiments were placed in sample containers
similar to that shown in Figure E-1.The sample cells consisted of two quartz windows adhered
together with a water-tight adhesive middle layer with a thickness of 1 mm. The quartz is
“invisible” to the neutrons, and the thickness provides enough sample to gather good scattering
statistics, but not so much to where multiple scattering is observed. After placing the suspension
within the cell, it was placed in the exact center of the induction coil where the neutron beam could
pass through the center.

Figure E-1: SANS/USANS Sample Cell
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Creating the Additive Model
The additive model discussed in Chapter 3 is an additive power + pearl necklace model.
Both of these models are directly incorporated into the SasView software, but Figure E-2, E-3, and
E-4 illustrate how to create the additive model in the fitting window. Once in the fitting page, go
to the tab Fitting -> Plugin Model Operations -> Sum|Multi(p1,p2), as shown in Figure E-2.

Figure E-2: Location of Plugin Model Operations
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In the tab, select “power_law” under Model1, “+” in the operation dropdown, and
“pearl_necklace” under Model2, displayed in Figure E-3.

Figure E-3: Selecting the appropriate additive model
After hitting “Apply”, the model should be available in a Fitting Page under “Plugin
Models” (Figure E-4). From there, the parameters outlined in Chapter 3 can be input into the
SasView fitting software where p1 refers to the power law and p2 refers to the pearl necklace
model.
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Figure E-4 Location of created Plug-in Model
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